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PHASE CHANGE MEMORY ADAPTIVE 
PROGRAMMING 

This application is a divisional of U.S. patent application 
Ser. No. 12/049,072, filed Mar. 14, 2008, now issued as U.S. 
Pat. No. 7,821,810, which is incorporated herein by reference 
in its entirety. 

BACKGROUND 

Computers and other electronic products, e.g., digital tele 
visions, digital cameras, and cellular phones, often have a 
memory device to store data and other information. Some 
conventional memory devices may store information based 
on the amount of charges on a storage node of the memory 
cell. The storage node is usually made of semiconductor 
material such as silicon. Different values of the charge on the 
storage node may represent different values (e.g., binary val 
ues “0” and “1”) of a bit of information stored in the memory 
cell. 

Other conventional memory devices (e.g., phase change 
memory devices) may store information based on a resistance 
state of a memory element of the memory cell. The memory 
element may have a material that can change between differ 
ent phases (e.g., crystalline and amorphous phases) when 
programmed. Different phases of the material may cause the 
memory cell to have different resistance states with different 
resistance values. The different resistance states of a memory 
element may represent different values of the information 
stored in the memory. 

In some phase change memory devices, configuring the 
memory cells to increase data storage density or program 
ming the memory cells to meet Some device performance 
specifications may pose a challenge. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a block diagram of a memory device having 
a memory array with phase change memory cells according to 
an embodiment of the invention. 

FIG. 2 show a partial block diagram of a memory device 
having a memory array including phase change memory cells 
with access components and memory elements according to 
an embodiment of the invention. 

FIG. 3 through FIG. 5 show schematic diagrams of 
examples of different memory cells having different access 
components coupled to memory elements according to vari 
ous embodiments of the invention. 

FIG. 6 through FIG. 9 show a memory cell having a 
memory element with a structure configured to have various 
resistance states corresponding to various resistance values 
according to various embodiments of the invention. 

FIG. 10 is a chart showing example resistance values for 
the memory element of FIG. 6 through FIG. 9 and example 
corresponding stored information values based on the 
example resistance values. 

FIG. 11 through FIG. 14 show another memory cell having 
a memory element with another structure configured to have 
various resistance States corresponding to various resistance 
values according to various embodiments of the invention. 

FIG. 15 is a graph of temperature versus time during a 
programming operation to reseta memory cell. Such as one of 
the memory cells of FIG. 1 through FIG. 14, according to an 
embodiment of the invention. 

FIG. 16 is a graph of current versus time of a signal used 
during the programming operation described with reference 
to FIG. 15. 
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2 
FIG. 17 is a graph of current versus time of another signal 

used during the programming operation described with ref 
erence to FIG. 15. 

FIG. 18 is a graph of temperature versus time during a 
programming operation to set a memory element of a 
memory cell, such as the memory cell of FIG. 1 through FIG. 
14, according to an embodiment of the invention. 

FIG. 19 is a graph of current versus time of signals that the 
programming operation described with reference to FIG. 18 
may use. 

FIG. 20 is a graph of a curve showing a relationship 
between resistance values and current values for use as target 
values during a programming operation according to an 
embodiment of the invention. 

FIG.21 is a graph of current versus time of different signals 
with pulses having adjustable amplitude values used during a 
programming operation according to an embodiment of the 
invention. 

FIG.22 is a graph showing resistance versus current during 
an example programming operation according to an embodi 
ment of the invention. 

FIG. 23 is a graph showing various adjusted current values 
based on an initial target current value used during the 
example programming operation associated with FIG. 22. 

FIG.24 is a graph showing resistance versus current during 
an example programming operation using adjusted current 
values based on slope calculations according to an embodi 
ment of the invention. 
FIG.25 is a graph showing various adjusted current values 

used during the example programming operation associated 
with FIG. 24. 

FIG. 26 is a graph of a curve showing a relationship 
between resistance values and transition time values for use 
as target values during a programming operation according to 
an embodiment of the invention. 

FIG. 27 is a graph showing different signals with pulses 
having adjustable transition time values used during a pro 
gramming operation according to an embodiment of the 
invention. 

FIG.28 is a graph showing resistance versus transition time 
during an example programming operation according to an 
embodiment of the invention. 

FIG. 29 is a graph showing various adjusted transition time 
values used based on an initial target transition time value 
used during the example programming operation associated 
with FIG. 28. 

FIG.30 is a flow diagram showing methods of operating a 
device according to an embodiment of the invention. 

FIG. 31 is a table showing a relationship between target 
resistance values and corresponding target current values for 
the methods associated with FIG. 30. 

FIG. 32 is a table showing a relationship between target 
resistance values and corresponding target transition time 
values for the methods associated with FIG. 30. 

FIG.33 is a flow diagram showing methods of operating a 
device including amplitude value adjustment according to an 
embodiment of the invention. 

FIG. 34 is a flow diagram showing methods of operating a 
device including transition time value adjustment according 
to an embodiment of the invention. 

DETAILED DESCRIPTION 

FIG. 1 shows a block diagram of a memory device 101 
having a memory array 102 with phase change memory cells 
100 according to an embodiment of the invention. Memory 
cells 100 may be arranged in rows and columns along with 
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lines 104 (e.g., wordlines having signals WLO through WLm) 
and lines 106 (e.g., bit lines having signals BL0 through 
BLn). Memory device 101 may use lines 104 and lines 106 to 
transfer information with memory cells 100. Row decoder 
107 and column decoder 108 may decode address signals A0 
through AX on lines 109 (e.g., address lines) to determine 
which memory cells 100 are to be accessed. A sense amplifier 
circuit 110 may operate to determine the value of information 
read from memory cells 100 and provide the information in 
the form of signals to lines 106. Sense amplifier circuit 110 
may also use the signals onlines 106 to determine the value of 
information to be written to memory cells 100. Memory 
device 101 may include circuitry 112 to transfer information 
between memory array 102 and lines (e.g., data lines) 105. 
Signals DQ0 through DQN on lines 105 may represent infor 
mation read from or written into memory cells 100. Lines 105 
may include nodes within memory device 101 or pins (or 
solder balls) on a package where memory device 101 may 
reside. Other devices external to memory device 101 (e.g., a 
memory controller or a processor) may communicate with 
memory device 101 through lines 105,109, and 120. 
Memory device 101 may perform memory operations such 

as a read operation to read information from memory cells 
100 and a programming operation (sometime referred to as 
write operation) to program (e.g., write) information into 
memory cells 100. A memory control unit 118 may control 
the memory operations based on control signals onlines 120. 
Examples of the control signals onlines 120 may include one 
or more clock signals and other signals to indicate which 
operation, (e.g., a programming or read operation) memory 
device 101 may perform. Other devices external to memory 
device 101 (e.g., a processor or a memory controller) may 
control the values of the control signals onlines 120. Specific 
values of a combination of the signals on lines 120 may 
produce a command (e.g., programming or read command) 
that may cause memory device 101 to perform a correspond 
ing memory operation (e.g., programming or read operation). 

Each of memory cells 100 may be programmed to store 
information representing a value of a single bit or a value of 
multiple bits such as two, three, four, or another number of 
bits. For example, each of memory cells 100 may be pro 
grammed to store information representing a binary value '0' 
or “1” of a single bit. In another example, each of memory 
cells 100 may be programmed to store information represent 
ing a value of multiple bits, such as one of four possible values 
“00”, “01”, “10”, and “11” of two bits, one of eight possible 
values “000, “001, “010, “011, “100”, “101, “110 and 
"111", or one of other values of another number of multiple 
bits. 
Memory device 101 may receive a supply voltage, includ 

ing Supply Voltage signals Vcc and VSS, onlines 130 and 132, 
respectively. Supply Voltage signal VSS may operate at a 
ground potential (e.g., having a value of approximately Zero 
Volts). Supply Voltage signal Vcc may include an external 
voltage supplied to memory device 101 from an external 
power source Such as a battery or an alternating-current to 
direct-current (AC-DC) converter circuitry. 

Circuitry 112 of memory device 101 may include a select 
circuit 115 and an input/output (I/O) circuit 116. Select circuit 
115 may respond to signals SEL1 through SELn to select the 
signals on lines 106 and 113 that may represent the informa 
tion read from or programmed into memory cells 100. Col 
umn decoder 108 may selectively activate the SEL1 through 
SELin signals based on the A0 through AX address signals on 
lines 109. Select circuit 115 may select the signals on lines 
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4 
106 and 113 to provide communication between memory 
array 102 and I/O circuit 116 during read and programming 
operations. 
Memory device 101 may include a non-volatile memory 

device and memory cells 100 may include non-volatile 
memory cells such that memory cells 100 may retain infor 
mation stored thereon when power (e.g., Vcc or Vss, or both) 
is disconnected from memory device 101. For example, 
memory device 101 may include a phase change memory 
device such that each of memory cells 100 may include a 
memory element having a material in which at least a portion 
(e.g., programmable portion) of the material may be pro 
grammed to cause the portion to change between different 
phases, such as between a crystalline phase (which is some 
times referred to as a crystalline State) and an amorphous 
phase (which is sometimes referred to as an amorphous state). 
Each of memory cells 100 may have a resistance state corre 
sponding to a resistance value when the memory cell is pro 
grammed. Different resistance values may represent different 
values of information programmed in each of memory cells 
1OO. 
Memory device 101 may perform a programming opera 

tion when it receives (e.g. from an external processor or a 
memory controller) a programming command and value of 
information to be programmed into one or more of selected 
memory cells among memory cells 100. Based on the value of 
the information, memory device 101 may program the 
selected memory cells to cause them to have appropriate 
resistance values to represent the values of the information. 
Memory device 101 may include a storage area 144 to store 

programming parameter values and selectively use these val 
ues during a programming operation. Memory device 101 
may store the programming parameter values in the form of a 
table 155 in storage area 144. The programming parameter 
values may include amplitude value, transition time value, or 
both, of a pulse of the signal that memory device 101 may use 
in a programming operation. The amplitude value may cor 
respond to current amplitude value (e.g., in ampere unit) of 
the pulse or Voltage amplitude value (e.g., in Volt unit) of the 
pulse to be used in a programming operation. The transition 
time value may correspond to a rise time (in time unit such as 
nanosecond) of a rising edge or a fall time (in time unit Such 
as nanosecond) of a falling edge of the pulse to be used in a 
programming operation. The programming parameter values 
may also include offset values that memory device 101 may 
use to determine an acceptable range for a target resistance 
value to be programmed into a memory cell. 
One skilled in the art may recognize that memory device 

101 may include other components that are not shown to help 
focus on the embodiments described herein. 
Memory device 101 may include devices, memory cells, 

and programming operations similar to or identical to those 
described below with reference to FIG. 2 through FIG. 34. 

FIG. 2 show a partial block diagram of a memory device 
201 having a memory array 202 including phase change 
memory cells 200 with access components 211 and memory 
elements 222 according to an embodiment of the invention. 
Memory array 202 may correspond to memory array 102 of 
FIG. 1. As shown in FIG. 2, memory cells 200 may be 
arranged in rows 230, 231, and 232 along with lines having 
signals WL0, WL1, and WL2, and columns 240,241, and 242 
along with lines having signals BL0, BL1, and BL2. Access 
components 211 may turn on (e.g., by using appropriate 
values of signals WL0, WL1, and WL2) to allow access to 
memory elements 222 to read information (e.g., measure a 
resistance value) from memory elements 222 or program 
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information into memory elements 222 (e.g., causing 
memory elements 222 to have specific resistance value). 

FIG. 3 through FIG. 5 show schematic diagrams of 
examples of different memory cells 300, 400, and 500 having 
different access components 311, 411, and 511 coupled to 
memory elements 333, 444, and 555 according to various 
embodiments of the invention. A line with a signal WL and a 
line with a signal BL in FIG.3 through FIG.5 may correspond 
to one of lines 104 and one of lines 106 of FIG.1, respectively. 
FIG. 3 through FIG. 5 show examples of access components 
311, 411, and 511 including a metal-oxide-semiconductor 
field-effect transistor (MOSFET), a bipolar junction transis 
tor (BJT), and a diode, respectively. Memory cells 300, 400, 
and 500 may include other types of access components. 
As shown in FIG. 3 through FIG. 5, each of memory 

elements 333, 444, and 555 may couple between two elec 
trodes, such as electrodes 351 and 352 (FIG. 3), electrodes 
451 and 452 (FIG.4), or electrodes 551 and 552 (FIG.5). FIG. 
3 through FIG. 5 schematically show electrodes 351, 352, 
451, 452, 551, and 552 as dots. Structurally, each of these 
electrodes may include a conductive material. In FIG. 3 
through FIG. 5, access components 311, 411, and 511 may 
enable signals (e.g., voltage or current) to be transferred to 
and from memory elements 333, 444, and 555 via electrodes 
351, 352,451, 452, 551, and 552 during a programming on 
read operation. 

For example, a programming operation may use signal WL 
to turn on access components 311, 411, and 511, and then 
apply a current (e.g., programming current) through memory 
elements 333, 444, and 555. The current causes at least a 
portion of the material of memory elements 333, 444, and 555 
to heat up and melt. After the material melts, the program 
ming operation may allow the material to rapidly cool down. 
These heat and cool actions may change the phase of the 
material. Such as from a crystalline phase before the program 
ming operation to an amorphous phase after the programming 
operation. The phase change may be reversible (e.g., chang 
ing from an amorphous phase to a crystalline phase). Differ 
ent phases of the material may cause memory elements 333, 
444, and 555 to have different resistance states with different 
resistance values, which correspond to different values of the 
information that is being stored in memory elements 333, 
444, and 555. 

In another example, a read operation may use signal WL to 
turn on access components 311, 411, and 511, and then apply 
a current (e.g., read current) through memory elements 333, 
444, and 555. The read operation may measure the resistance 
of memory cells 300, 400, and 500 based on a read voltage to 
determine the corresponding value of information stored 
therein. For example, in each of memory cells 300, 400, and 
500, a different resistance value may provide a different value 
(e.g., current or Voltage value) on signal BL when the current 
passes through memory elements 333, 444, and 555. Other 
circuitry of the memory device (e.g., circuit Such as I/O circuit 
116 of FIG. 1) may use signal BL to measure the resistance 
value of memory elements 333,444, and 555 to determine the 
value of the information. 
The current used during a read operation may have a value 

different from the current used during a programming opera 
tion. For example, in a programming operation, the value of 
the signal (e.g., signals from line BL in FIG. 3 or FIG. 4 or 
from line WL in FIG. 5) that creates a current flowing through 
the memory element may be sufficient to cause the material of 
at least a portion of the memory element to change between 
different phases to alter the resistance value of the memory 
element based on the value of the information to be stored in 
memory elements 333, 444, and 555. In a read operation, the 
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6 
value of the signal (e.g., signals from line BL in FIG.3 or FIG. 
4 or from line WL in FIG. 5) that creates a current flowing 
through the memory element may be sufficient to create the 
current but insufficient to cause any portion of the memory 
element to change between different phases so that the value 
of the information stored in the memory element may remain 
unchanged in the read operation. 
Memory cells 100, 200, 300, 400, and 500 of FIG. 1 

through FIG. 5 may include a memory cell similar to or 
identical to one or more of the memory cells described below 
with reference to FIG. 6 through FIG. 34. 

FIG. 6 through FIG. 9 show a memory cell 600 having a 
memory element 666 with a structure configured to have 
various resistance states 633, 733, 833, and 933 correspond 
ing to various resistance values R0, R1, R2, and R3 according 
to various embodiments of the invention. As shown in FIG. 6 
through FIG.9, memory cell 600 may include electrodes 651 
and 652 coupled to memory element 666. Memory cell 600 
may also include other components, such as an access com 
ponent that may be similar to oridentical to access component 
211,311, 411, or 511 (FIG. 2 through FIG.5). FIG. 6 through 
FIG.9 omit the other components of memory cell 600 to help 
focus on the embodiments discussed herein. Further, for clar 
ity, FIG. 6 through FIG. 9 show memory element 666 with 
cross-section lines (shading lines) and electrodes 651 and 652 
without cross-section lines. Electrodes 651 and 652 may cor 
respond to electrodes 351 and 352 (FIG. 3), electrodes 451 
and 452 (FIG. 4), or electrodes 551 and 552 (FIG. 5), which 
are schematically shown as dots in FIG. 3 through FIG. 5. In 
FIG. 6 through FIG.9, memory element 666 may include the 
same material for portions 601, 602, and 603. The material 
may be configured to change between multiple phases, e.g., 
between crystalline and amorphous phases. Memory element 
666 may include a phase change material. Some phase change 
materials may include chalcogenide materials with various 
combinations of germanium (Ge), antimony (Sb), tellurium 
(Te), and other similar materials. Examples of phase change 
materials may include binary combinations such as germa 
nium telluride (GeTe), indium selenide (InSe), antimony tel 
luride (SbTe), gallium antimonide (GaSb), indium anti 
monide (InSb), arsenic telluride (ASTe), aluminum telluride 
(AlTe); ternary combinations such as germanium antimony 
telluride (GeSbTe), tellurium germanium arsenide (TeGeAS), 
indium antimony telluride (InSbTe), tellurium tin selenide 
(TeSnSe), germanium selenium gallide (GeSeGa), bismuth 
selenium antimonide (BiSeSb), gallium selenium telluride 
(GaSeTe), tin antimony telluride (SnSbTe), indium antimony 
germanide (InSbOe); and quaternary combinations such as 
tellurium germanium antimony sulfide (TeGeSbS), tellurium 
germanium tin oxide (TeGeSnO), and alloys of tellurium 
germanium tin gold, palladium tellurium germanium tin, 
indium selenium titanium cobalt, germanium antimony tel 
lurium palladium, germanium antimony tellurium cobalt, 
antimony tellurium bismuth selenium, silver indium anti 
mony tellurium, germanium antimony Selenium tellurium, 
germanium tin antimony tellurium, germanium tellurium tin 
nickel, germanium tellurium tin palladium, germanium tellu 
rium tin platinum. Among the phase change materials listed 
herein, some may provide an appropriate choice over the 
others, depending in part on the application of the device. For 
example, a compound of germanium (Ge), antimony (Sb). 
and telluride (Te) may be an appropriate choice for a phase 
change memory device, in part, because of its relatively quick 
Switching speed (e.g., a few nanoseconds) between different 
resistance states. The compound of germanium (Ge), anti 
mony (Sb), and telluride (Te) may have a formula GeSbsTes. 
Most of the material compositions in this description list only 
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the component elements. The relative amount of each com 
ponent element in each of these material compositions is not 
limited to a particular value. 
As shown in FIG. 6 through FIG.9, memory element 666 

may include a portion 601 directly contacting electrode 651, 
a portion 602 directly contacting electrode 652, and a portion 
603 between portions 601 and 602. FIG. 6 shows portion 603 
being located at a general area indicated by a broken circle to 
indicate that portion 603 may include a part of portion 601, a 
part of portion 602, or both. Portion 603 of memory element 
666 may be referred to as a programmable portion (or pro 
grammable Volume). A programming operation may program 
memory cell 600 to one of multiple possible resistance states 
633, 733, 833, and 933 corresponding to one of resistance 
values (in ohm unit) R0, R1, R2, and R3. The value of the 
information stored in memory element 666 may be based on 
which one of resistance values R0, R1, R2, and R3 that 
memory element 666 may have. 

FIG. 6 shows an example where memory element 666 may 
have resistance value R0 in which the material at portions 
601, 602, and 603 has the same crystalline phase 613. A 
programming operation may program memory cell 600 to 
cause at least a part of portion 603 to “amorphize” (e.g., 
changes from a crystalline phase to an amorphous phase), 
resulting in an amorphized region 713,813, or 913. As shown 
in FIG. 6 through FIG. 9, portion 603 (either before or after 
programming) is isolated from electrode 651 by portion 601 
of memory element 666, and is isolated from electrode 652 by 
portion 602 of memory element 666. Isolating portion 603 
from electrodes 651 and 652 may reduce heat from being 
directly transferred from portion 603 to electrodes 651 and 
652 during programming of memory element 666, thereby 
decreasing potential heat loss. Thus, programming time may 
be reduced, a relatively lower amount of programming cur 
rent may be used, and power may be saved. FIG. 7 through 
FIG. 9 show amorphized regions 713,813, and 913 having 
different region sizes. For example, amorphized region 713 
may have size that is smaller than of amorphized region 813. 
Amorphized region 813 may have a size that is smaller than 
that of amorphized region 913. Different sizes of the amor 
phized region of portion 603 may cause memory cell 600 to 
have a different resistance value (e.g., R1, R2, or R3) to 
represent different values of information. 

FIG. 10 is a chart 1000 showing example resistance values 
R0, R1, R2, and R3 of the memory element 666 of FIG. 6 
through FIG. 9 and example corresponding stored informa 
tion values based on the example resistance values. Memory 
cell 600 may be configured to store information representing 
a value of multiple bits (e.g., two, three, four, or other bits). 
Chart 1000 of FIG. 10 shows an example where each of four 
resistance values R0, R1, R2, and R3 may be assigned to a 
unique value of four possible values “00”, “01”, “10”, and 
“11” of two bits. 

FIG. 11 through FIG. 14 show another memory cell 1100 
having a memory element 1111 with another structure con 
figured to have various resistance states 1133, 1233, 1333, 
and 1433 corresponding to various resistance values R0, R1, 
R2, and R3 according to various embodiments of the inven 
tion. Memory cell 1100 may also include other components, 
Such as an access component that may be similar to or iden 
tical to access component 211, 311, 411, or 511 (FIG. 2 
through FIG.5). In FIG. 11 through FIG. 14, memory element 
1111 may include material similar or identical to the material 
of memory element 666 of FIG. 6 through FIG.9. 

In FIG. 11 through FIG. 14, memory element 1111 may 
include a portion 1101 directly contacting electrode 1151, a 
portion 1102 directly contacting electrode 1152, and a portion 
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8 
1103 betweenportions 1101 and 1102. FIG. 11 shows portion 
1103 being located at a general area indicated by a broken 
circle to indicate that portion 1103 may include a part of 
portion 1101, a part of portion 1102, or both. Portion 1103 of 
memory element 1111 may be referred to as a programmable 
portion. A programming operation may program memory cell 
1100 to one of multiple possible resistance states 1133,1233, 
1333, and 1433 corresponding to one of resistance values R0. 
R1, R2, and R3. The value of the information stored in 
memory cell 1100 may be based on which one of resistance 
values R0, R1, R2, and R3 that memory element 1111 may 
have. As shown in FIG. 11, memory cell 1100 may have 
resistance value R0 in which the material at portions 1101, 
1102, and 1103 has the same crystalline phase 1113, and 
resistance value R1, R2, and R3 in which portion 1103 may 
have amorphized regions 1213, 1313, and 1413, respectively, 
with different region sizes that may correspond to informa 
tion values, e.g., “00.” “01,” “10, and “11” of FIG. 10, that 
may be stored in memory cell 1100. 
The description herein includes ways to program a 

memory cell of a phase change memory device Such as 
memory device 101 or 201 (FIG. 1 or FIG. 2) in which the 
memory device may include a memory cell with a memory 
element having a structure Such as the structure of memory 
element 666 (FIG. 6 through FIG. 9) and memory element 
1111 (FIG. 11 through FIG. 14), or other structure. 
The programming operation may include reset activities 

(occasionally called “reset' or “resetting) and set activities 
(occasionally called “set' or “setting'). The reset activities 
may change the memory cell to a resistance state in which the 
material of a programmable portion of the memory element 
may have one phase (e.g., amorphous phase) and material of 
the other portions of the memory element have another phase 
(e.g., crystalline phase). For example, the reset activity may 
change memory cell 600 (FIG. 6) from resistance state 633 
corresponding to resistance value R0 to a resistance state 733, 
833, or 933 (FIG. 7 through FIG.9) corresponding to one of 
resistance values R1, R2, or R3. Thus, each of resistance 
states 733, 833, and 933 (FIG. 7) may be called a “reset” 
resistance state. Each of resistance values R1,R2, and R3 may 
be called a “reset' resistance value. The set activities may 
change the memory cell from a reset resistance state to a “set' 
resistance state at which the material of memory element 666 
may have the same phase (e.g., crystalline phase). Such as a 
resistance state 633 corresponding to resistance value R0 in 
FIG. 6. Thus, resistance state 633 may be called a “set” 
resistance state. Resistance value R0 may be called a “set” 
resistance value. The reset and set activities of the program 
ming operations described herein may includes activities of 
the programming operations described below with reference 
to FIG. 15 through FIG. 34. 

FIG. 15 is a graph of temperature versus time during a 
programming operation to reset a memory cell. Such as one of 
memory cell 100, 200, 300, 400, 500, 600, and 1100 of FIG. 
1 through FIG. 14, according to an embodiment of the inven 
tion. As shown in FIG. 6 through FIG.9 and FIG. 11 through 
FIG. 14, resistance values R0, R1,R2, and R3 may depend on 
the characteristics of the material at the programmable por 
tion (e.g., portion 603 or 1103) of the memory cell. For 
example, different size of the amorphized region (713,813, or 
913 of FIG. 7 through FIG. 9) may result in a different 
resistance value (e.g., R1, R2, or R3). 
As shown in FIG. 15, to reset the memory cell so that the 

programmable portion of the memory cell may have an amor 
phized region, the programming operation may use a signal to 
cause the material of at the programmable portion to heat and 
allow the temperature of material at the programmable por 
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tion to rise and exceed the material crystalline temperature Tc 
and melting point temperature Tm. The material at the pro 
grammable portion may melt. The programming operation 
may allow the material to cool (or rapidly cool) after it melts. 
As a result, the material at the programmable portion may 
amorphize and result in anamorphized region. The size of the 
amorphized region may depend on signal values of a signal 
used during the programming operation. The signal may 
include a pulse. The signal values may include an amplitude 
value of the pulse, the transition time value of the pulse (e.g., 
transition time value of an edge of the pulse), or both. 

FIG. 16 is a graph of current versus time of a signal used 
during the programming operation described with reference 
to FIG. 15. As shown in FIG.16, signal 1600 may include one 
or more pulses, such as a pulse 1601 having a square (or 
Substantially square) wave shape where a transition time 
value (e.g., pulse rise time value) of edge 1611 and transition 
time value (e.g., pulse fall time value) of edge 1612 may be 
considerably less than the duration of pulse 1601. Pulse 1601 
may also have an amplitude value 1680, which may corre 
spond to a current value Is. Different values of ampli 
tude value 1680 (e.g., different current values) may cause a 
programmable portion of a memory cell to amorphize to 
differentamorphized regions with different sizes correspond 
ing to different resistance values (e.g., R1, R2, and R3). 

FIG. 17 is a graph of current versus time of another signal 
1700 used during the programming operation described with 
reference to FIG. 15. As shown in FIG. 17 signal 1700 may 
include one or more pulses, such as a pulse 1701 having an 
amplitude value 1780, which may correspond to a current 
value Is. Pulse 1701 may also have edges 1711 and 
1712. As shown in FIG. 17, unlike pulse 1601 of FIG. 16, 
pulse 1701 of FIG. 17 may have a shape different from a 
square wave shape. A transition time value (e.g., pulse rise 
time value) of edge 1711 and a transition time value (e.g., 
pulse fall time value) 1720 of edge 1712 are unequal. Differ 
ent values of transition time value 1720 may cause a program 
mable portion of a memory cell to amorphize with different 
crystalline composition corresponding to different resistance 
values (e.g., R1, R2, and R3), with greater transition time 
value 1720 resulting in greater crystalline composition and 
lower resistance value. 
As described above with reference to FIG.16 and FIG. 17, 

to reset a memory cell to cause it to change from one resis 
tance value (e.g., R0) to another resistance value (e.g., R1,R2, 
or R3), the programming operation may use a signal having a 
pulse with a square wave shape such as signal 1600 of FIG. 
16, or a different signal such as signal 1700 of FIG. 17 with 
unequal rise time and fall time values. 

FIG. 18 is a graph of temperature versus time during a 
programming operation to set a memory element of a 
memory cell, such as the memory cell 100, 200, 300, 400, 
500, 600, and 1100 of FIG. 1 through FIG. 14, according to an 
embodiment of the invention. As shown in FIG. 18, the pro 
gramming operation may use a signal to cause the material at 
the programmable portion to heat and allow the temperature 
of the material at the programmable portion to rise above its 
crystalline temperature Tc but below its melting point tem 
perature Tm. The programming operation may hold the tem 
perature of the material for an interval and then allow it to 
cool. As result, the programmable portion may “recrystallize” 
(e.g., change from an amorphous phase to a crystalline phase) 
Such that the material of the programmable portion and other 
portions (e.g., portions 601, 602, and 603 of FIG. 6) may have 
the same phase, causing the memory cell to have a resistance 
value such as resistance value R0 of FIG. 6. 
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10 
FIG. 19 is a graph of current versus time of signals 1900 

and 1902 that the programming operation described with 
reference to FIG. 18 may use. Either signal 1900 or 1902 may 
be used in the programming operation. As shown in FIG. 19. 
signal 1900 may include a pulse 1901 having a square (or 
Substantially square) wave shape with an amplitude value 
corresponding to a current value Is, which is less than a 
current value Is. Signal 1902 may include a pulse 1903 
having a non-square shape with a fall time value 1905. FIG. 
19 shows pulse 1903 having an amplitude value correspond 
ing to a current value Is and fall time value 1905 as an 
example. The amplitude of pulse 1903 and the fall time value 
of pulse 1905 may vary. Current value Is of FIG. 19 may 
correspond to current Value Iglesex (FIG. 16) or Iresery 
(FIG. 17). 

FIG. 20 is a graph of a curve 2000 showing a relationship 
between resistance values R0, R1, R2, and R3 and current 
Values Iser, IRESET, IRESET2, and IREsers for use as target 
values during a programming operation according to an 
embodiment of the invention. The device associated with 
FIG. 20 may store (e.g., in form of values in a table) the 
relationship presented by curve 2000 in a storage area of the 
device. Such as a storage area similar to or identical to storage 
area 144 of memory device 101 of FIG.1. In determining the 
relationship, the device associated with FIG. 20 may include 
activities to characterize (e.g., program and then read) one or 
more selected memory cells during an interval Such as during 
device initialization. For example, the device may program 
(e.g., during device initialization) one or more selected 
memory cells using different signals with different pulse 
amplitude values corresponding to different programming 
current Values (e.g., Iser, Ia, Ireser, Ib, IRESET2, Ic. IREsers. 
and Id of FIG. 20). Then, the device may read the selected 
memory cells (e.g., during device initialization) to obtain 
their resistance values (e.g., R0, Ra, R1, Rb, R2, Rc, R3, and 
Rd of FIG. 20) corresponding to the different programming 
current values. Thus, many different programming current 
values may be used to construct the relationship (presented by 
curve 2000), which may or may not include the resistance 
values R0, R1, R2, and R3. If resistance values R0, R1, R2, 
and R3 are not included, they may be extrapolated from the 
relationship. A programming operation (e.g., after the initial 
ization) may use this relationship (e.g., values from the table) 
to program a memory cell. 

In FIG. 20, each of resistance values R0, R1, R2, and R3 
may be called a target resistance value, occasionally referred 
to as R. R. is the intended resistance value that the 
memory cell is to be programmed. The programming opera 
tion may determine R based on the value of information to 
be stored in the memory cell. Each of current values Is 
IREsez. IRESET2, and IREsezs may be called a target current 
value (occasionally referred to as I). During a program 
ming operation, e.g., after the initialization, the programming 
operation may select one of current values Ise, Ireser Ire 
SET2, and Irists to be Izar, depending on which one the 
resistance values R0, R1, R2, and R3 is determined to be 
R. Thus, It is the current value that the programming 
operation may initially select to start the programming of a 
memory cell. During programming, the programming opera 
tion may successively adjust I to program the memory cell 
until the memory cell has a resistance value equal to R, or 
to a value within an acceptable range of R. 
The programming operation may select different values of 

I to program different selected memory cells if the 
selected memory cells are to be programmed with different 
information values. For example, based on the relationship 
between resistance values R0, R1, R2, and R3 and current 
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values. Iser, IRESET, IRESET2, and IRESETs, the programming 
operation may select IIs (and Successively adjust 
Is) to program a first memory cell if the information to 
be stored in the first memory cell corresponds to resistance 
value R1. Then, programming operation may select 
Izar-IREser (and Successively adjust Ireser2) to program a 
second memory cell if the information to be stored in the 
second memory cell corresponds to resistance value R2. 

FIG.21 is a graph of current versus time of different signals 
with pulses 2100, 2101, 2102, and 2103 having adjustable 
amplitude values 2181, 2182, and 2183 used during a pro 
gramming operation according to an embodiment of the 
invention. Amplitude values 2181, 2182, and 2183 may cor 
respond to current values Irisz. IREsez2, and Irists. 
respectively, which are greater than a current value Is. A 
programming operation may use pulses 2100, 2101, 2102. 
and 2103 to cause a memory cell to have corresponding 
resistance values R0, R1, R2, and R3, respectively. Current 
Values Iser, IRESET, IRESET2, and IREsers of FIG. 21 may 
correspond to those of FIG. 20. 
As shown in FIG. 21, the programming operation may 

adjust amplitude values 2181, 2182, and 2183 to obtain 
adjusted amplitude values 2191, 2192, and 2193, respec 
tively. Each of adjusted amplitude values 2191, 2192, and 
2193 may include a value that is less than or greater than its 
corresponding amplitude value by an adjusted amplitude 
amount. For example, as shown in FIG. 21, adjusted ampli 
tude value 2.192 may be less than or greater than amplitude 
value 2182. Depending on the value of R, the program 
ming operation may select one of amplitude values 2181, 
2182, and 2183 as an initial target amplitude value and may 
adjust the selected initial target amplitude value during pro 
gramming to program the memory cell until its programmed 
resistance value (occasionally referred to as Re) is equal to 
R (e.g., R1, R2, or R3) or is within an acceptable range of 
R.T.A.R. 

FIG.22 is a graph showing resistance versus current during 
an example programming operation according to an embodi 
ment of the invention. As described above with reference to 
FIGS. 20 and 21, R may represent a target resistance value 
to be programmed to a memory cell. R. in FIG. 22 may 
correspond to one of R1, R2, and R3 of FIG. 20 and FIG. 21. 
For the purposes of describing the example programming 
operation associated with FIG. 22, R is assumed to be 
resistance value R2. The programming operation may finish 
programming the memory cell when the memory cell has a 
resistance value within a target resistance value range of R 
(occasionally referred to as the R range). As shown in FIG. 
22, the R range may include an upper resistance value 
equal to Ri plus an offset value OFFSET, and a lower 
resistance value equal to R minus an offset value OFF 
SET OFFSET, and OFFSET, may have an equal value. 
OFFSET may have a value (e.g., less than half of a differ 
ence between R, e.g., R2, and a next higher target resis 
tance value, e.g., R3) Such that the upper resistance value 
(R,+OFFSET) of FIG. 22 may not overlap the lower 
resistance value (e.g., R3 minus OFFSET) of another target 
resistance value range. Similarly, OFFSET may have a value 
(e.g., less than half of a difference between R, e.g., R2, and 
a next lower target resistance value, e.g., R1) Such that the 
lower resistance value (R-OFFSET,) of FIG.22 may not 
overlap the upper resistance value (e.g., R1 plus OFFSET) 
of another target resistance value range. 

In FIG.22. Rpro.4 RPRGa. Rproc, Rprop RPRGE, and 
R. may represent various programmed resistance Values 
that the memory cell may have during various repeated pro 
gramming. The programming operation may repeat program 
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12 
ming (e.g., resetting) the memory cell more than one time in 
an attempt to cause the programmed resistance value to be 
within the R7 range. 
As described above with reference to FIG. 20, based on a 

relationship between resistance value and current value, a 
programming operation may use a signal with an initial target 
amplitude value corresponding to current value Is, I 
SET2, or Isles to reset the memory cell to resistance value 
R1, R2, or R3. Here, in the example of FIG.22, since R is 
assumed to be resistance value R2, the programming opera 
tion may use a signal having a pulse with an initial target 
amplitude value corresponding to target current value 
Izar Irist to program the memory cell So that Rzar (or R2 
in this example) may be programmed into the memory cell. 
The programming operation associated with FIG. 22 may 

include the following activities. The programming operation 
may initially use a current value (e.g., Ise) to program the 
memory cell. If the programmed resistance value R is 
outside the R7 range, then the programming operation may 
Successively adjust the current value (e.g., by increasing or 
decreasing the current value by an adjusted current amount 
such as 8 i, /24 i, /48 i, /$ 4 i, or /168 i) to obtain different 
adjusted current values. Adjusted current amounts such as 
8 i, /34 i, 44 i, /s 8 i, and /16th i) may be called adjusted 
parameter amounts. After each adjustment, the programming 
operation may use the adjusted current values and repeat 
programming the memory cell until R is within the R 
range. 

For example, in FIG. 22, after being programmed using a 
current Value Iser, the memory cell may have Rescu, 
which is outside the R range and less than R. Thus, the 
programming operation may adjust Ireser and repeat the 
programming until the memory cell has the programmed 
resistance value (e.g., R) that is within the R7 range. 
As shown in FIG. 22, the memory cell may have Re, 

which is outside the R range, after being programmed 
using an initial current value Ise. To repeat programming, 
the programming operation may adjust Ise by increasing 
Is by hi, and then repeat programming the memory cell 
using an adjusted current Value Irist. IRESET2 - i. 

After programming using Irist2, the memory cell may 
have R, which is still outside the R range and less 
than Rz. Thus, the programming operation may adjust 
Irist by increasing Irist by thi, and then repeat pro 
gramming the memory cell using an adjusted current value 
IREserci-IREsez-- i. The programming operation may 
keep increasing the current value by 4 iuntil the programmed 
resistance value is either within the R range (then the 
programming operation may finish programming the 
memory cell) or outside the R7 range but greater than R. 
(then the programming operation may continue but with an 
adjusted current amount less than 4h i). 

In FIG.22, after programming using Isle, the memory 
cell may have R, which is still outside the R range but 
greater than R. Thus, the programming operation may 
adjust Ireser, by decreasing Iese, by /24 i, and then 
repeat programming the memory cell using an adjusted cur 
rent Value IRESET2d IREsez2c-/2 i. 

After programming using Irestro, the memory cell may 
have Reco, which is still outside the R7 range and greater 
than R. Thus, the programming operation may adjust 
Irist by decreasing Irist12 by /48 i, and then repeat 
programming the memory cell using an adjusted current 
Value IRESET2e IRESET2D-4 i. 

After programming using Irist2, the memory cell may 
have Rece, which is still outside the R7 range and greater 
than Rz. Thus, the programming operation may adjust 
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Irist by decreasing Irist72 by /84 i, and then repeat 
programming the memory cell using an adjusted current 
Value IREsez-IREsez-/88 i. After programming using 
Iristor, the memory cell may have Reece, which is within 
the Rzur range. Since Recor is within the Rzar range, the 
programming operation may finish programming the 
memory cell. 
As described above, the programming operation may 

increase the previous current value by an adjusted current 
amount (e.g., dh i) if after being programmed, the memory cell 
has a programmed resistance Value (e.g., Reg 4 or Reece) 
that is outside the R7 range and less than R. In the 
opposite, the programming operation may decrease the pre 
vious current value by an adjusted current amount (e.g., /24 i. 
/48 i, or /8 h i) if after being programmed, the memory cell 
has a resistance Value (e.g., Reece, Record or Reece) that is 
outside the R7 range and greater than R. Since the 
adjusted current amount (4 i, /24 i, 48 i, /$ 4 i, or /168 i) 
may be different (e.g., varied) when the current value is 
adjusted, the adjusted current amount may include a variable 
Current amount. 

In FIG. 22, 8 i may be called a selected current amount. 
The device associated with FIG.22 may select the value of thi 
to be any appropriate value. However, to improve the chance 
of a programmed resistance to be within the R range or to 
reduce the number of repeated programming, for example, 
the device may select the value of 8 i based on a difference in 
values between two adjacent reset current values from a resis 
tance value versus current value curve, such as curve 2200 of 
FIG. 22. For example, the device may select the value of A i 
to be equal to the difference between I +OFFSET, and 
I.-OFFSET, or less than (e.g., one-half of) the difference 
between I +OFFSET, and I+OFFSET. I+ 
OFFSET, and I-OFFSET, may include current values 
of the pulses that are used to obtain R+OFFSET, and 
R-OFFSET, respectively. 

FIG. 23 is a graph showing various adjusted current values 
based on an initial target current value used during the 
example programming operation associated with FIG. 22. As 
shown in FIG. 23, the programming operation may initially 
use a signal with a pulse 2302 having an amplitude value 
corresponding to current value Is to reset the memory 
cell and successively adjust the amplitude of pulse 2302 to 
obtain adjusted pulses 2312, 2322, 2332, 2342, and 2352 of 
the signal with the adjusted amplitude values corresponding 
to adjusted current values IRESET2g, IRESET2c, IRESET2p, 
Iresert, and Ireser2, respectively. Current Values such as 
IRESET2, IRESET2B:IRESET2C, IRESET2D IRESET2E and RESET2F 
may be called programming parameter values. The program 
ming operation may then use these programming parameter 
values and repeat the programming until the programmed 
resistance value (e.g., R. in FIG. 22) is within the R 
range (FIG.22). 

Further, as shown in FIG. 23, the programming operation 
may use a signal 2300 having a pulse amplitude value corre 
sponding to current value Is to program (e.g., set) the 
memory cell to an initial resistance value (e.g., R0) before 
each time the programming operation programs (e.g., resets) 
the memory cell that results in the memory cell having pro 
grammed resistance Value Rpro 4. Rproa. Rproc, Rekop. 
R, or R. Setting the memory cell before each time 
it is reset may allow the memory cell to have a consistent 
initial resistance value (e.g., R0) to improve the programming 
operation. 

FIG.24 is a graph showing resistance versus current during 
an example programming operation using adjusted current 
values based on slope calculations according to an embodi 
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14 
ment of the invention. R may represent a target resistance 
value to be programmed to a memory cell. R may corre 
spond to one of R1, R2, and R3 of FIG. 20 and FIG. 21. For 
the purposes of describing FIG. 24, R is assumed to be 
resistance value R2. FIG.24 also shows an R range, which 
may include resistance values within an upper resistance 
value equal to R. plus an offset value OFFSETH, and a 
lower resistance value equal to R, minus an offset value 
OFFSETL. Regu. Rergy Regy, and Recoz may repre 
sent various programmed resistance values that the memory 
cell may have during various repeated programming to cause 
the programmed resistance (e.g., R) value to be within 
the Rzur range. 
As described above with reference to FIG. 20, based on a 

relationship between resistance value and current value, a 
programming operation may use a signal with an initial target 
amplitude value corresponding to current value Isle, I 
SET2, or Isles to reset the memory cell to resistance value 
R1,R2, or R3. Here, in the example of FIG. 24, since R is 
assumed to be resistance value R2, the programming opera 
tion may use a signal having a pulse with an initial target 
amplitude value corresponding to target current value 
Izu Iese, to program the memory cell So that Rzar (or R2 
in this example) may be programmed into the memory cell. 
Unlike the programming operation associated with FIG. 22. 
the programming operation associated with FIG. 24 may 
adjust the current value based on slope calculations. 
The programming operation associated with FIG. 24 may 

include the following activities. The programming operation 
may initially use current value (e.g., Is) to program the 
memory cell. If the programmed resistance value R is 
outside the R range, then the programming operation may 
Successively adjust (e.g., by increasing or decreasing the cur 
rent value by an adjusted current amount such as 8 i1, 4 i2, or 
8 i3) the current value based on slope calculations to obtain 
different adjusted current values. Adjusted current amounts 
such as 8 i1, 8 i2, and h i3 may be called adjusted parameter 
amounts. After each adjustment, the programming operation 
may use the adjusted current values and repeat programming 
the memory cell until R. (e.g., R in FIG. 24) is within 
the Rzur range. 

For example, in FIG. 24, after being programmed using 
current value Irist, the memory cell may have Regu, 
which is outside the R range and less than R. The 
programming operation may increase Isle to an adjusted 
current value Iristy IREsez+8 i1 and repeat the program 
ming. 

After being programmed using Isle, the memory cell 
may have R, which is still outside the R range and 
less than R. The programming operation may increase 
IREsez2x to adjusted current value IRESET2, IRESET2x+h i2 
and repeat the programming. 

After being programmed using Is the memory cell 
may have R, which is within the R range and less 
than R. Since R is within the R7 range, the pro 
gramming operation may finish programming the memory 
cell. 

In the above example, instead of the situation where the 
memory cell may have Rett, after it is programmed using 
the initial IRESET2, the memory cell may have Recoz. As 
shown in FIG. 24, R2 is outside the R range and 
greater than R. In this situation, the programming opera 
tion may decrease Is to an adjusted current value 
IREsez-Irist-4 i3 and repeat the programming. If the 
memory cell has R. after it is programmed using 
Is then the programming operation may finish pro 
gramming the memory cell. Otherwise, the programming 
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operation may repeat one or more times using other adjusted 
current values until R is within the R range. 
As described above, the programming operation may 

increase the previous current value by an adjusted current 
amount (e.g., 8 i1 or 4 i2) if, after being programmed, the 
memory cell has a resistance value (e.g., Regu, or Recox) 
outside the R range and less than R. In the opposite 
case, the programming operation may decrease the previous 
current value by an adjusted current amount (e.g., 4 i3) if 
after being programmed the memory cell has a resistance 
Value (e.g., R.2) Outside the R7 range and greater than 
R.T.A.R. 
The programming operation may determine the value of 

adjusted current amounts ai1, 4 i2, and 8 i3 based on slope 
calculations as follows. 

FIG. 24 shows curve 2400 having a slope 2405 between 
two points R1 and R2, which may have values (resis 
tance values) of two points that are relative closer to both 
sides of R on curve 2400. For example, if R is assumed 
to be R2, then points R1 and R may have values equal 
to resistance values R1 and R3, respectively. In another 
example, although FIG. 24 shows points R1 and R2 as 
being outside R range, points R and Rhowever 
may have values equal to R+OFFSET and R-OFF 
SET, respectively (two points where curve 2400 intersects 
lines represented by R+OFFSET and R-OFFSET). 
The programming operation may use the value of slope 2405 
to determine the value of the adjusted current amount (e.g., 
4 i1, 8 i2, or 8 i3) that it may use during one or more repeated 
programming. 
As shown in FIG. 24, after programming using Ise, the 

memory cell may have R, which is still outside the R 
range and less than R. Thus, as described above, the pro 
gramming operation may increase Ise by an adjusted 
current amount and repeat the programming. Since slope 
2405 is calculated based on two points that are relatively 
closer to R, using slope 2405 to calculate the adjusted 
current amount (e.g., 4 i1) to be used in the next (repeated) 
programming may improve a chance of the next resistance 
Value (e.g., R or R-resulted from the next program 
ming) being within the R7 range. The programming opera 
tion may determine the value of 4 i1 by equating the value of 
the slope of R and Rs (e.g., slope 2401 in FIG. 24) to 
the value of slope 2405 (slopes). The value of slope 2405 
and value of slope 2401 (slope) may follows expressions 
(1) and (2), respectively. 

(1) 

(2) 

If slope2ao-slope2aos, then based on expressions (1) and 
(2), 

slope24os-(Rcurva-Rovi)/(Ictra-curv1) 

(3) 

Thus, based on expression (3), dh i1 may follow expression 
(4) or (5) below. 

(Rtar-RProw)/ il-(Rcurv2-Rcury)/(ICU-2-curvi) 

(4) or 

(5) 

Since the values for each of the variables on the right side 
of expression (5) is known, the value of h i1 may be deter 
mined. 

In calculations similar to that of expression (5), the value of 
8 i2 and h i3 may be determined by expressions (6) and (7) as 
follows. 

A. i2= A R/4 i2-(RIAR-RPRox)'I(Icurv2-curv1)/ 
(Rcurva-Rotry11) or 

A. il-(R1aR-Rprotr) (1/slope24os) 
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A i2-(RIAR-RProx) (1/slope240s) (6) 

(7) 

Since the programmed resistance value (e.g., R., or 
Re) may have a value that is less than R or greater than 
Rzur (e.g., Regis greater than Rz), and since a program 
ming operation may increase or decrease the current value by 
a positive adjusted current value (e.g., dh i1, 8 i2, or dh i3), 
expressions (5), (6), and (7) above may be generally 
expressed as 4 iX-R-RI*(1/slope2aos), which is 
absolute value of a difference between R and R. times 
(1/slopes), where h ix represents an adjusted current 
amount (e.g., h i1, 4 i2, or A i3) to be used in a repeated 
programming, and R. represents the programmed resis 
tance Value (e.g., Rescu, Recox or Recoz) that the memory 
cell may have after a previous programming. As described 
herein, since the adjusted current amount (8 i1, 8 i2, or 4 i3) 
may be different (e.g., varied) when the current value is 
adjusted (either increased or decreased), the adjusted current 
amount may include a variable current amount. 

FIG.25 is a graph showing various adjusted current values 
used during the example programming operation associated 
with FIG. 24. FIG. 25 shows two example situations that may 
occur during programming, one situation on the left side of 
line 2544 and another situation on the right side of line 2544. 
As shown on the left side of line 2544 in FIG. 25, the pro 
gramming operation may initially use a signal with a pulse 
2502 having an amplitude value corresponding to current 
Value Is. Then, the programming operation may succes 
sively adjust the amplitude of pulse 2502 to obtain adjusted 
pulses 2512 and 2522 of the signal with the adjusted ampli 
tude values corresponding to adjusted current values 
IREsez2 w" and IRESE72A, respectively. The programming 
operation may use these adjusted current values and repeat 
the programming until the programmed resistance value (e.g., 
Re-in FIG. 24) is within the R range (FIG. 24). In the 
situation on the right side of line 2544 in FIG. 25, the pro 
gramming operation may initially use a signal with a pulse 
2502 having an amplitude value corresponding to current 
Value Is and then Successively adjust the amplitude of 
pulse 2502 to obtain at least one adjusted pulse, such as pulse 
2532 of the signal, with the adjusted amplitude value corre 
sponding to an adjusted current value. Such as Isle. The 
programming operation may use the adjusted current value 
and repeat the programming until the programmed resistance 
Value (e.g., R.) is within the R range (FIG. 24). Cur 
rent values such as IRESET2, IRESET2x, and IRESET2 may be 
called programming parameter values. 

Further, as shown in FIG. 25, the programming operation 
may use a signal 2500 having a pulse amplitude value corre 
sponding to current value Is to program (e.g., set) the 
memory cell to an initial resistance value (e.g., R0) before 
each time the programming operation programs (e.g., resets) 
the memory cell, which results in the memory cell having a 
programmed resistance value Report, Repox, or RRecz, 
The description above with reference to FIG. 20 through 

FIG. 25 describes examples in which a programming opera 
tion may adjust the amplitude of a pulse of a signal to program 
a memory cell until a programmed resistance of the memory 
cell is within a target resistance value range. 

Alternatively, to program the memory cell, the program 
ming operation may hold the amplitude value of the pulse at 
the same or Substantially the same value and adjust a transi 
tion time value of the pulse (instead of adjusting the ampli 
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tude of the pulse or in addition to adjusting the amplitude of 
the pulse) until the programmed resistance of the memory cell 
is within the target resistance value range. 

FIG. 26 is a graph of a curve 2610 showing a relationship 
between resistance values R0, R1, R2, and R3 and transition 
time values To T, T, and T for use as target values during 
a programming operation according to an embodiment of the 
invention. As shown in FIG. 26, each of transition time values 
To T, T, and T may represent a pulse fall time value of a 
pulse. The device associated with FIG. 26 may characterize 
(e.g., program and then read) selected memory cells to deter 
mine the relationship (e.g., resistance values R0, R1, R2, and 
R3 and pulse fall time values) represented by curve 2610 and 
then store (e.g., in the form of values in a table) the relation 
ship in a storage area of the device. As shown in FIG. 26, the 
programming operation may use a signal with a pulse 2600 to 
program the memory cell to resistance value R0, and different 
signals with different pulses 2601, 2602, and 2603 with tran 
sition time values (in time unit Such as nanosecond) T, T 
and T to program the memory cell to resistance value R1,R2, 
or R3, respectively. Transition time value To of pulse 2600 
may be greater than each of transition time values T.T., and 
T to program the memory cell to a lower resistance value R0. 
As shown in FIG. 26, pulses 2600, 2601, 2602, and 2603 may 
have the same or Substantially the same amplitude value (e.g., 
same current value). Each of transition time values T.T.T., 
and T may be called a target transition time value (occasion 
ally referred to as T). During a programming operation 
(e.g., after the initialization), the programming operation may 
select one of transition time values T. T. T., and T to be 
T, depending on which one the resistance values R0, R1, 
R2, and R3 is determined to be R. During programming, 
the programming operation may successively adjust T to 
program the memory cell until the memory cell has a resis 
tance value equal to R or to a value within an acceptable 
range of Rzar. 

FIG. 27 is a graph showing different signals with pulses 
2700,2701, 2702, and 2703 having adjustable transition time 
Values To, T1, T2, and Ts used during a programming opera 
tion according to an embodiment of the invention. A program 
ming operation may usepulses 2700,2701, 2702, and 2703 to 
cause a memory cell to have corresponding resistance values 
R0, R1, R2, and R3, respectively. As shown in FIG. 27, pulses 
2700, 2701, 2702, and 2703 may have the same or substan 
tially the same amplitude value (e.g., same current value 
Is) Transition time values To, T1, T2, and Ts of FIG. 27 
may correspond to those of FIG. 26. Alternatively, pulse 2700 
of FIG. 27 may have a square (or substantially square) wave 
shape and an amplitude value (e.g., current value Is) that is 
less than the amplitude of each of pulses 2701, 2702, and 
2703 with sufficient pulse width to fully set the memory cell. 
As shown in FIG. 27, the programming operation may 

adjust transition time values To, T, T, and T to obtain 
adjusted transition time Values To T, T12, and 
T. respectively. Each of adjusted transition time values 
Tudo Tuoi, Tup, and Taos may include a value that is 
less than or greater than its corresponding transition time 
value by an adjusted time amount. For example, as shown in 
FIG. 27, adjusted transition time value T may be less than 
or greater than transition time value T. Depending on the 
value of R, the programming operation may select one of 
transition time values T, T, and T as an initial target tran 
sition time value and may adjust the selected initial target 
transition time value during programming to program the 
memory cell until its programmed resistance value R is 
equal to Rs (e.g., R1, R2, or R3) or is within an acceptable 
range of Rzar. 
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FIG.28 is a graph showing resistance versus transition time 

during an example programming operation according to an 
embodiment of the invention. The example programming 
operation associated with FIG. 28 may include activities 
similar to the example programming operation associated 
with FIG. 22 with some exceptions. As describe above, the 
programming operation associated with FIG.22 may succes 
sively increase the current Value (e.g., Ireser2) when Regis 
outside the R range and less than R and decrease the 
current value when Resis outside the R7 range and greater 
than R. In FIG. 28, however, the programming operation 
may successively decrease the transition time value (e.g., T.) 
when R is outside the R7 range and less than R and 
increase the transition time value when R is outside the 
Rzur range and greater than Rzar. 

In FIG. 28, R. R+OFFSET, R-OFFSET, and 
R range may be similar to or identical to those described 
above with reference to FIG. 22. For the purposes of describ 
ing FIG. 28, R is assumed to be resistance value R2. 
RPRG 4. ReRG as RPRGc, Rprop RPRGE, and ReRG F may 
represent various programmed resistance values that the 
memory cell may have during various repeated program 
ming. The programming operation may repeat programming 
(e.g., resetting) the memory cell more than one times in an 
attempt to cause the programmed resistance value to be 
within the R range. In the example of FIG. 28, since R 
is assumed to be resistance value R2, the programming opera 
tion may use a signal having a pulse with an initial target 
transition time value T-T to program the memory cell so 
that R (or R2 in this example) may be programmed into the 
memory cell. 
The programming operation associated with FIG. 28 may 

include the following activities. The programming operation 
may initially use a transition time value (e.g., T) to program 
the memory cell. If the programming resistance value Reis 
outside the R7 range, then the programming operation may 
Successively adjust the transition time value (e.g., by increas 
ing or decreasing the transition time value by an adjusted time 
amount such as ht, /24 t, /48 t, /s 4 t, or /168 t) to obtain 
different adjusted transition time values. Adjusted time 
amounts such as ht, /2 ht, /48 t, /s a t, and /164 t may be 
called adjusted parameter amounts. After each adjustment, 
the programming operation may use the adjusted transition 
time values and repeat programming the memory cell until 
Rero is within the Rzur range. 

For example, in FIG. 28, after being programmed using a 
transition time value T, the memory cell may have Re. 
which is outside the R range and less than R. Thus, the 
programming operation may adjust transition time value T 
and repeat the programming until the memory cell has the 
programmed resistance value (e.g., R.) that is within the 
RTAR range. 
As shown in FIG. 28, the memory cell may have R. 

which is outside the R range, after being programmed 
using an initial transition time value T. To repeat program 
ming, the programming operation may adjust transition time 
value T by decreasing T by 4h t, and then repeat program 
ming the memory cell using an adjusted transition time value 
TT2-8 t. 

After programming using T, the memory cell may 
have R, which is still outside the R range and less 
than Rz. Thus, the programming operation may adjust 
T by decreasing T by hit, and then repeat pro 
gramming the memory cell using an adjusted transition time 
Value T-T - ht. The programming operation may 
keep decreasing the current value by 4 i until the pro 
grammed resistance value is either within the R range 
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(then the programming operation may finish programming 
the memory cell) or outside the R range but greater than 
R (then the programming operation may continue but with 
an adjusted current amount less than 4 i). 

After programming using T2, the memory cell may 5 
have Rec, which is still outside the R7 range and less 
than R. Thus, the programming operation may adjust 
T.2, by decreasing T2, by 4 t, and then repeat pro 
gramming the memory cell using an adjusted transition time 
Value Tapid Tadvoc-8 t. 

After programming using To the memory cell may 
have Rec, which is still outside the R7 range but greater 
than R. Thus, the programming operation may adjust 
T by increasing T by /24 t, and then repeat pro 
gramming the memory cell using an adjusted transition time 
Value T2 Tah'/2 t. 

After programming using T. E., the memory cell may 
have Rece, which is still outside the R7 range and greater 
than R. Thus, the programming operation may adjust 
T.2, by increasing T, by 4 ht, and then repeat pro 
gram the memory cell using an adjusted transition time value 
Tudor-T.42+44 t. After programming using Tudor, the 
memory cell may have R, which is within the R 
range. Since R is within the R7 range, the program 
ming operation may finish programming the memory cell. 
As described above, the programming operation may 

decrease the previous transition time value by an adjusted 
transition time amount (e.g., 8 t) if after being programmed, 
the memory cell has a programmed resistance value (e.g., 
Reco 4. Reece, or Recco) that is outside the Rzur range and 
less than R. In the opposite, the programming operation 
may increase the previous transition time value by an adjusted 
transition time amount (e.g., /34 t or 44 t) if after being 
programmed, the memory cell has a resistance value (e.g., 
Recor Reece) that is outside the Rzur range and greater 
than R. Since the adjusted transition time amount (e.g., 
4t, /34 t, 4 ht, /s ht, or /164 t) may be different (e.g., 
varied) when the transition time is adjusted, the adjusted 
transition time amount may include a variable transition time 
amount. 

In FIG. 28, 4 t may be called a selected time amount. The 
device associated with FIG. 28 may select the value of a t to 
be any appropriate value. However, to improve the chance of 
a programmed resistance to be within the R range or to 
reduce the number of repeated programming, for example, 45 
the device may select the value of 4 t based on a difference in 
values between two adjacent transition time values (e.g., T. 
T, and Ts) from a resistance value Versus transition time 
value curve, such as curve 2800 of FIG. 28. For example, the 
device may select the value of 8 t to be equal to the difference 50 
between T-OFFSET" and T-OFFSET", or less than 
(e.g., one-half of) the difference between T OFFSET" 
and T+OFFSET". T+OFFSET", and T-OFF 
SET", may include transition time values of the pulses that 
are used to obtain R+OFFSET, and R-OFFSET, 55 
respectively. 

FIG.29 is a graph showing various adjusted transition time 
values based on an initial target transition time value used 
during the example programming operation associated with 
FIG. 28. As shown in FIG. 29, the programming operation 60 
may initially use a signal with a pulse 2902 having an ampli 
tude value corresponding to current value Ise, and a 
transition time value T to program the memory cell and 
successively adjust the transition time T of pulse 2902 to 
obtain adjusted pulses 2912, 2922, 2932, 2942, and 2952 of 65 
the signal with the adjusted transition time values T. 
Tupac, Tudoro Tappe, and Tudor, respectively. Transition 
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time values such as T2 Tappa, Tap 2c, Tap 2p Tappe, and 
T may be called programming parameter Values. The 
programming operation may then use these programming 
parameter values and repeat the programming until the pro 
grammed resistance value (e.g., R. in FIG. 28) is within 
the R range (FIG. 28). 

In the description herein, the features shown in drawings 
are not scaled. Some drawings may exaggerate or contrast the 
relationship among the features shown in the drawings for 
ease of illustrating the embodiments herein. For example, 
FIG. 22 shows the R range being greater than two imme 
diate adjacent programmed resistance Values (e.g., R. 
and Ric). However, the R7 range may be less than the 
difference between two immediate adjacent programmed 
resistance values. Further, Some examples herein may use 
Some specific number of programmed resistance values (e.g., 
RPRG.4 RPRGa. Rprac, Rprop RPRGE, and Rpror in FIG. 
22, FIG. 23, or FIG. 28, or Rescu, Rprox. Recoy, and 
R2 in FIG. 24) while programming a memory cell to a 
target resistance value. The number of programmed resis 
tance values, however, may be less than or more than the 
number used in these examples. For example, in FIG.22 and 
FIG. 28, the resistance value of the memory cell may jump 
from Reco to Record after the programming operation 
adjusts the current amount by + 4 i. In another example, 
R. (FIG.22 or FIG.28), R., (FIG. 24) may be within 
the R7 range after one programming Such that no repeated 
programming and adjustment is performed. Thus, during a 
programming operation, the programmed resistance value of 
the memory cell may converge to the R range quicker than 
the examples described herein. 
The above description with reference to FIG. 20 through 

FIG. 29 describes some example programming operations of 
a device including activities to adjust an amplitude value 
(e.g., current value) or a transition time value (e.g., pulse fall 
time value) of a pulse to program (e.g., reset) a memory cell. 
The description below with reference to FIG.30 through FIG. 
34 describes methods of operating a device that may include 
Some or all activities of the above example programming 
operations. 

FIG. 30 is a flow diagram showing methods 3000 of oper 
ating a device according to an embodiment of the invention. 
Methods 3000 may start at activity 3005, which may include 
turning on (e.g., powering up) or Supplying power to the 
device. 

Activity 3010 may include creating a table that a program 
ming operation of the device may use during programming at 
least one memory cell of the device. Activity 3010 may create 
the table during an interval Such as during device initializa 
tion without receiving a command (e.g., programming or read 
command) from an external device, such as a processor or a 
memory controller. The table may include programming 
parameter values and values representing characterization of 
the memory cells. For example, activity 3010 may include 
creating a table such as a table 3100 (FIG. 31). As shown in 
FIG. 31, table 3100 may include values associated with a 
relationship between target resistance values R0, Ra, R1, Rb, 
R2, Ric, R3, and Rd and corresponding current values Is, Ia, 
Irist, Ib, IREST2, Ic, Irists, and Id. Table 3100 may also 
include values associated with relationships between values 
of information (e.g., “00”, “01”, “10”, and “11”) and resis 
tance values R0, R1, R2, and R3. The device, however, may 
exclude the relationship between resistance values R0, R1, 
R2, and R3 and the values of information (e.g., “00”, “01’, 
“10”, and “11”) from table 3100 and store the relationship in 
a location separate from table 3100. For simplicity, table 3100 
includes an example of four resistance values, four current 
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values, and four information values to indicate that each 
memory of the device may be configured to store four logic 
states (which may also be called levels), representing two bits 
of information. Table 3100, however, may include other num 
bers (e.g., eight, sixteen, or other) of resistance values, current 
values, and information values when the memory cell is con 
figured to store other number of logic States representing 
other number of bits (e.g., three or four) of information. 

To create the table 3100, activity 3010 may include pro 
gramming (e.g., during device initialization) Some selected 
memory cells of the memory device using signals with dif 
ferent amplitude values corresponding to different current 
Values (e.g., Iser, la, IRESET, Ib, IRESET2, Ic, IRESETs, and Id). 
A different amplitude value used to program a selected 
memory cell may result in the selected memory cell having a 
different resistance value. After the selected memory cells are 
programmed, activity 3010 may read the selected memory 
cells and measure their resistance values. Then, activity 3010 
may store in table 3100 the measured resistance values (e.g., 
R0, Ra, R1, Rb, R2, Rc, R3, and Rd) and the corresponding 
current values (e.g., Iser, la, IREser Ib, IRESET2, Ic. IREsers. 
and Id) that have been used to program the selected memory 
cells to the measured resistance values. Methods 3000 may 
use one of the current values in table 3100 or extrapolated 
values based on table 3100 as an initial (e.g., target) current 
Value (e.g., Iser, IRESET, IRESET2, or IRESETs) to program a 
memory cell during a programming operation, e.g., a pro 
gramming operation in response to a programming command 
provided from a device Such as a processor or a memory 
controller. 

Alternatively or additionally, activity 3010 of FIG.30 may 
include creating a table such as a table 3200 of FIG. 32. As 
shown in FIG. 32, table 3200 may include relationships 
between target resistance values R0, Ra, R1, Rb, R2, Rc, R3, 
and Rd and corresponding transition time values To Ta, T, 
Tb, T., Tc, T., and Ta of a pulse of signals that the program 
ming operation used to program the memory cells to resis 
tance values such as R0, Ra, R1, Rb, R2, Rc, R3, and Rd. 
Table 3200 may also include a relationship between values of 
information (e.g., “00”, “01”, “10”, and “11”) and resistance 
values R0, R1, R2, and R3. The device, however, may exclude 
the relationship between resistance values R0, R1,R2, and R3 
and the values of information (e.g., “00”, “01”, “10, and 
“11”) from table 3200 and store the relationship in a location 
separate from table 3200. 
To create the table 3200, activity 3010 may include pro 

gramming (e.g., during device initialization) Some selected 
memory cells of the memory device using signals with dif 
ferent transition time values (e.g., To, Ta, T, Tb, T., Tc, T. 
and Tal). After the selected memory cells are programmed, 
activity 3010 may read the selected memory cells and mea 
sure the resistance values of the memory cells. Then, activity 
3010 may store in table 3200 the measured resistance values 
(e.g., R0, Ra, R1, Rb, R2, Rc, R3, and Rd) and the corre 
sponding transition time values (e.g., To, Ta, T, Tb, T., Tc, 
T, and Tod) that have been used to program the selected 
memory cells. Methods 3000 may use one of the transition 
time values in table 3200 or extrapolated values based on 
table 3200 as an initial (e.g., target) transition time value (e.g., 
To, T, T, or T) to program a memory cell during a pro 
gramming operation, e.g., a programming operation in 
response to a programming command provided from a device 
Such as a processor or a memory controller. 
Each of table 3100 and 3200 may include hardware, firm 

ware, software, or a combination thereof. The device used by 
methods 3000 may store the table created by activity 3010 in 
a storage area similar to or identical to storage area 144 of 
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FIG.1. Methods 3000 of FIG.30 may use either table 3100 or 
3200 to program memory cells of the device. After activity 
3010 creates the table (e.g. table 3100 or 3200), method 3000 
may continue with activity 3015. 

Activity 3015 may include acquiring programming param 
eter values used to program the memory cell. For example, 
based on a value of information to be programmed to the 
memory cell, acquiring programming parameters in activity 
3015 may include accessing some locations of the device 
including a table, such as table 3100 or 3200, to determine a 
target resistance value R, and either a target amplitude 
Value (e.g., II) or a target transition time value (e.g., T.) 
based on the target resistance value. Activity 3015 may also 
include determining a target resistance Value range (R. 
range) based on R. For example, activity 3015 may 
include determining upper and lower resistance values of the 
R range based on R and offset values such as OFF 
SET, and OFFSET, similar or identical to those described 
above with reference to FIG. 20 through FIG. 29. A storage 
area of the device may store the offset values. 

Activity 3025 in FIG. 30 may program the memory cell to 
cause it to have an initial resistance value Such as a “set' 
resistance value represented by R0 of FIG. 23, FIG. 25, or 
FIG. 29. Activity 3025 may include the set activities as 
described above with reference to FIG. 18 and FIG. 19 to 
change the material of a programmable portion of the 
memory cell to a crystalline phase (e.g., crystalline phase 613 
of FIG. 6). 

Activity 303.0 may include programming the memory cell 
to cause it to have a programmed resistance value R, equal 
to R or within the R range. Activity 303.0 may use a 
signal with at least one pulse, the pulse may have an ampli 
tude value, or transition time value, or both, similar to or 
identical to those described above with reference to FIG. 20 
through FIG. 29. In activity 3030, programmed resistance 
value R may have a value similar to or identical to one or 
more of Rpro.4 RPRGa. Rproc, Rprop RPRGE, and RPRGF 
of FIG. 22 and FIG. 28 or one or more of R. R. 
Recoy, and Recoz of FIG. 24. 

Activity 3035 of FIG.30 may include sensing the memory 
cell to obtain a resistance value (e.g., the resistance value 
programmed in activity 3025 or 3030, or both). Methods 3000 
may, however, include skipping activities 3025 and 3030 
(indicated by activity 3034) and may sense the memory cell to 
obtain a resistance value without programming the memory 
cell inactivities 3025 and 3030. The memory cell may already 
have an existing resistance value (before activities 3025 or 
3030 are performed), which may be within the R range. 
Thus, skipping programming activities 3025 and 303.0 may 
avoid an additional programming of the memory cell, thereby 
improving the life of the device. In this description, reading a 
memory cell is one form of sensing the memory cell. 

Activity 3040 may include determining whether the pro 
grammed resistance value of the memory cell is outside the 
R range. If the programmed resistance value is not outside 
the R range (i.e., within the R range), then methods 
3000 may continue with activity 3045 to finish the program 
ming. If the programmed resistance value is outside the R 
range, then methods 3000 may continue to activity 3099. If 
methods 3000 skip activities 3025 and 3030, activity 3040 
may include determining whether the existing resistance 
value of the memory cell is outside the R range. If the 
existing resistance value is not outside the R range (i.e., 
within the R range), then methods 3000 may continue with 
activity 3045 to finish the programming. If the existing resis 
tance value is outside the R range, then methods 3000 may 
continue to activity 3099. 
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Activity 3099 may include adjusting one or both of the 
amplitude value of the pulse and the transition time value of 
the pulse used in activity 3099. For example, activity 3099 
may include adjusting a current value by an adjusted current 
amount such as 8 i (described with reference to FIG. 20 
through FIG.25). Alternatively or additionally, activity 3099 
may include adjusting a transition time value by an adjusted 
time amount such as 4 t (described with reference to FIG. 26 
through FIG. 29). Methods 3000 may repeat some or all of 
activities 3088 and activity 3099 until programmed resistance 
value R of the memory cell is within the R range. For 
example, if methods 3000 uses table 3100 (resistance values 
and amplitude current values) to program the memory cell in 
activity 3088, then methods 3000 may adjust the current value 
in activity 3099 and repeat activities 3025, 3030, 3035, and 
3040 (indicated by repeated activity 3055). In another 
example, if methods 3000 uses table 3200 (resistance values 
and transition time values) to program the memory cell in 
activity 3088, then methods 3000 may adjust the transition 
time value in activity 3099 and repeat activities 3030, 3035, 
and 3040 (indicated by activity 3033). 

Ifactivities 3025 and 3030 are skipped, and if the resistance 
value in activity 3040 is outside the R range, methods 
3000 may jump from activity 3040 to activity 3025, omitting 
activity 3099 for one time, because an amplitude value may 
have not yet been used to program the memory. 

The adjustments performed by activity 3099 may include 
activities of methods 3300 of FIG. 33 or activities of methods 
3400 of FIG. 34. 

FIG.33 is a flow diagram showing methods 3300 of oper 
ating a device including amplitude value adjustment accord 
ing to an embodiment of the invention. Methods 3300 may 
include activities 3388, which may be similar to identical to 
activities 3088 of FIG. 30. For example, activities 3388 may 
include activity 3302 to program a memory cell and activity 
3304 to determine whether a programmed resistance value 
R. of the memory cell is outside a resistance target value 
range (R range). FIG.33 shows an example where activity 
3304 may determine that R is outside the R range. 
Methods 3300 may also include activities 3399 to adjust the 
current value used to program the memory cell, and repeat the 
programming at activity 3302 until R is within the R 
range. 

Methods 3300 may include activity 3305 to compare R. 
with a target resistance value R if R is outside the R 
range. Based on the comparison, methods 3300 may continue 
with activity 3306 and either activity 3310 or 3320. Activity 
3306 may conditionally modify 4 iso that appropriate value 
of 4 i may be used for activity 3310 or 3320. Activity 3306 is 
described in more details below. Activity 3310 may include 
increasing the current value by dh i if R is less than R. 
Activity 3320 may include decreasing the current value by thi 
if R is greater than R7. The current value may have an 
initial value corresponding to current value Ireser, Iese, 
or Is based on a table such as table 3100 of FIG.31. The 
4 i may have an initial value selected in ways similar to or 
identical to those described above with reference to FIG. 22. 

Activity 3306 may conditionally modify 8 i such that thi 
used in activity 3310 or 3320 may remain at the same value 
(e.g., a value equal to a previous value of 4 iSuch as the initial 
value of 4 i) or may vary, depending on the various values of 
R. During the programming operation, R, may have 
one or more values that are outside the R range and less 
than Rzar (e.g., Value similar to Reg 4 or Reece of FIG.22) 
and one or more other values that are outside the R range 
and greater than Rzar (e.g., Value similar to Recoc, Record 
or R of FIG.22). Methods 3300 may store the values of 
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R. during the programming operation to allow activity 
3306 to conditionally modify hibased on the stored values of 
R, as described below. 

Activity 3306 may keep hiat the same value (e.g., a value 
equal to the initial value of 8 i) if at any time during the 
programming operation all of the values of R are outside 
the Rzur range and less than Rz. 

Activity 3306 may also keep 4 i at the same value (e.g., a 
value equal to the initial value of 4 i) if at any time during the 
programming operation all of the values of R are outside 
the Rzur range and greater than Ritar. 

Activity 3306 may modify hi (e.g., decrease 8 i) if at any 
time during the programming operation at least one value of 
Rec (e.g., Value similar to Regg or Reece of FIG. 22) is 
outside the R7 range and less than R. and at least one 
Value of Reg (e.g., value similar to Recco, Recop, or 
Rece of FIG.22) is outside the R7 range and greater than 
R.T.A.R. 

Based on the comparison in activity 3305 and the condi 
tional modification of 8 i in activity 3306, activity 3310 may 
increase the current value (used for the next programming 
sequence) by the same initial value of 8 iifat any time during 
the programming operation all of the values of R are less 
than R. Activity 3310 may increase the current value by a 
modified value of 4 i if at any time during the programming 
operation at least one value of R is less than R. and at 
least one value of R is greater than R. 

Based on the comparison in activity 3305 and the condi 
tional modification of h i in activity 3306, activity 3320 may 
decrease the current value (used for the next programming 
sequence) by the same initial value of h i if at any time during 
the programming operation all of the values of R are 
greater than R. Activity 3320 may decrease the current 
value by a modified value of 4 i if at any time during the 
programming operation at least one value of R is less than 
R, and at least one value of R is greater than R. 
Methods 3300 may modify hi by reducing it by a factor of 

(/2") where “n” is a real number. Methods 3300 may increase 
“n” by a non-integer value after each time activity 3306 
modifies 4 iso that the value of A i may be different (e.g., 
reduced) when methods 3300 increases or decreases the cur 
rent value. Methods 3300 may also increase “n” by an integer 
value (1, 2, or 3, or other value) after each time activity 3306 
modifies 4 i. For example, “n” may initially be equal to one 
before activity 3306 modifies hi. Methods 3300 may 
increase “n” by one after each time activity 3306 modifies 8 i. 
Thus, methods 3300 may increase or decrease an adjusted 
current value by an adjusted current amount of /2 h i (i.e., 
(/2")4 i=/24 i) when activity 3306 modifies 4 i for the first 
time. Then, method 3300 may increase or decrease other 
adjusted current values by (/2")4 i, where “n” is an integer 
value corresponding to the total number of times that activity 
3306 modifies 4 i. Activity 3306 may modify 4 i in ways 
similar to or identical to those described above with reference 
to FIG. 22 and FIG. 23 to get different adjusted current 
amount such as /2 dhi, /48 i, /88 i, and /16th i. 

Activity 3306 may modify 8 i using slope calculations if 
methods 3300 use 4 ihaving values similar to or identical to 
those of dh i1, dh i2, and 8 i3 described above with reference to 
FIG. 24 and FIG. 25. 
Methods 3300 may repeat activities 3388 and 3399 until 

Rero is within the Rzur range. 
FIG. 34 is a flow diagram showing methods 3400 of oper 

ating a device including transition time value adjustment 
according to an embodiment of the invention. Methods 3400 
are similar to methods 3300 of FIG.33 except that methods 
3400 may increase or decrease a transition time value (instead 
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of the current value as in FIG. 33) of a pulse. In FIG. 34. 
methods 3400 may include activities 3488, which may be 
similar to identical to activities 3088 of FIG.30. For example, 
activities 3488 may include activity 3402 to program a 
memory cell, and activity 3404 to determine whether a pro 
grammed resistance value R is outside a resistance target 
value range (R range). FIG. 34 shows an example where 
activity 3404 may determine that R is outside the R 
range. Methods 3400 may also include activities 3499 to 
adjust the transition time value used to program the memory 
cell, and repeat the programming at activity 3402 until R. 
is within the R7 range. 

Methods 3400 may include activity 3405 to compare R. 
with a target resistance value R if R is outside the R 
range. Based on the comparison, methods 3400 may continue 
with activity 3406 and either activity 3410 or 3420. Activity 
3406 may conditionally modify 4 t so that appropriate value 
of 4 t may be used for activity 3410 or 3420. Activity 3406 is 
described in more details below. Activity 3410 may include 
decreasing the transition time value by 8 tif R is less than 
R. Activity 3420 may include increasing the transition 
time value by 4 t if R is greater than R. The transition 
time value may have an initial value corresponding to transi 
tion time value T, T, and T. based on a table Such as table 
320 of FIG. 32. The 4t may have an initial value selected in 
ways similar to or identical to those described above with 
reference to FIG. 28 

Activity 3406 may conditionally modify a t such that At 
used in activity 3410 or 3420 may remain at the same value 
(e.g., a value equal to a previous value of h tsuch as the initial 
value of 4 i) or may vary, depending on the various values of 
Rec. During the programming operation, Reg may have 
one or more values that are outside the R range and less 
than Rzar (e.g., Value similar to Rpro 4. Rproa, or Rproc of 
FIG. 28) and one or more other values that are outside the 
R7 range and greater than R (e.g., value similar to 
R or R of FIG. 28). Methods 3400 may store the 
values of R during the programming operation to allow 
activity 3406 to conditionally modify 4 t based on the stored 
values of Re, as described below. 

Activity 3406 may keep 4 t the same value (e.g., a value 
equal to the initial value of 4 i) if at any time during the 
programming operation all of the values of R are outside 
the Rzur range and less than Rzar. 

Activity 3406 may also keep 4 t the same value (e.g., a 
value equal to the initial value of 8 i) if at any time during the 
programming operation all of the values of R are outside 
the Rzur range and greater than Rzar. 

Activity 3406 may modify at (e.g., increase 4 t) if at any 
time during the programming operation at least one value of 
Reec (e.g., Value similar to Rec. 4, Reece, or Recoc of FIG. 
28) is outside the R range and less than R, and at least 
one Value of Rerg (e.g., Value similar to Record or Reece of 
FIG. 28) is outside the R range and greater than R. 

Based on the comparison in activity 3405 and the condi 
tional modification of a tin activity 3406, activity 3410 may 
decrease the transition time value (used for the next program 
ming sequence) by the same initial value of 8 t if at any time 
during the programming operation all of the values of R. 
are less than R. Activity 3410 may decrease the transition 
time value by a modified value of 4 tifat any time during the 
programming operation at least one value of R is less than 
R, and at least one value of R is greater than R. 

Based on the comparison in activity 3405 and the condi 
tional modification of 8 t in activity 3406, activity 3420 may 
increase the transition time value (used for the next program 
ming sequence) by the same initial value of 4 t if at any time 
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during the programming operation all of the values of R. 
are greater than R. Activity 3420 may increase the transi 
tion time value by a modified value of 4 tifat any time during 
the programming operation at least one value of R is less 
than Rz, and at least one value of R is greater than Rz. 

Methods 3400 may modify 4 tin ways similar to or iden 
tical to those by which methods 3300 of FIG.33 modifies 4 i. 
For example, methods 3400 may modify 8 tby reducing it by 
a factor of (/2"), where “n” is a real number, in which methods 
3400 may increase “n” by a non-integer value or by an integer 
value each time activity 3406 modifies 8 t. 

Activity 3406 may modify 4h t using slope calculations 
described above with reference to FIG. 24 and FIG. 25 but 
with 4 t replacing 4 i1, A i2, or 4 i3 in the slope calculations. 
When modifying 4 t using slope calculations, activity 3406 
may use a curve similar to curve 2400 of FIG. 24 to calculate 
the slope but with a time axis replacing the current axis in 
FIG. 24 so that the curve used in the slope calculation may 
represent the relationship between resistance and transition 
time (similar to the relationship between resistance and tran 
sition time of curve 2800 of FIG. 28). 
Methods 3400 may repeat activities 3488 and 3499 until 

Rec. is within the Rzur range. 
The memory cell used in the programming operations and 

methods 3000, 3300, and 3400 described herein may include 
memory cell 600 or 1100 (FIG. 6 through FIG.9 and FIG. 11 
through FIG. 14). The programming operations described 
herein may allow a memory cell (e.g., memory cell 600 or 
1100) to be configured with a relatively greater margin for 
current values along the current axis, Such as the current axis 
of FIG. 20, or allow a relatively greater margin for transition 
time values along the time axis, such as the time axis of FIG. 
26. A greater margin of current or transition time value may 
allow improved programming, more logic states to be stored 
in a memory cell, and/or tighter resistance distribution among 
the memory cells. Thus, higher bit density per memory cell 
may be achieved. The programming operations described 
herein may also improve data retention and device reliability. 
Further, the programming operations described herein may 
allow a relatively faster convergence to a target resistance 
value and/or relatively more consistent programmed resis 
tance values, thereby device performance (e.g., programming 
speed) may also be improved. 
The illustrations of the apparatus (e.g., memory devices 

101 and 201, and memory cells 100, 200, 300, 400, 500, 600, 
and 1100) are intended to provide a general understanding of 
the structure of various embodiments and are not intended to 
provide a complete description of all the elements and fea 
tures of the apparatus and systems that might make use of the 
operations and structures described herein. 
Any of the features described above can be implemented in 

a number of ways, including simulation via Software. Thus, 
the apparatus (e.g., a portion of memory device 101 or the 
entire memory device 101, and portion of memory device 201 
or the entire memory device 201) described above may be 
characterized as “modules” (or “module') herein. Such mod 
ules may include hardware circuitry, single and/or multi 
processor circuits, memory circuits, software program mod 
ules and objects and/or firmware, and combinations thereof, 
as desired by the architect of the apparatus (e.g., memory 
devices 101 and 201), and as appropriate for particular imple 
mentations of various embodiments. For example, Such mod 
ules may be included in a system operation simulation pack 
age. Such as a Software electrical signal simulation package, a 
power usage and distribution simulation package, a capaci 
tance-inductance simulation package, a power/heat dissipa 
tion simulation package, a signal transmission-reception 



US 8,477,523 B2 
27 

simulation package, and/or a combination of software and 
hardware used to operate or simulate the operation of various 
potential embodiments. 
The methods and apparatus of various embodiments may 

include or be included in electronic circuitry used in high 
speed computers, communication and signal processing cir 
cuitry, single or multi-processor modules, single or multiple 
embedded processors, multi-core processors, data Switches, 
and application-specific modules including multilayer, multi 
chip modules. Such methods and apparatus may further be 
included as Sub-components within a variety of electronic 
systems, such as televisions, cellular telephones, personal 
computers (e.g., laptop computers, desktop computers, hand 
held computers, tablet computers, etc.), workstations, radios, 
video players, audio players (e.g., MP3 (Motion Picture 
Experts Group, Audio Layer 3) players), vehicles, medical 
devices (e.g., heart monitor, blood pressure monitor, etc.), set 
top boxes, and others. 
One or more embodiments described herein include meth 

ods and apparatus having a module configured to program the 
memory cell using a signal to cause the memory cell to have 
a programmed resistance value, to adjust a programming 
parameter value of the signal if the programmed resistance 
value is outside a target resistance value range, and to repeat 
at least one of the programming and the adjusting if the 
programmed resistance value is outside the target resistance 
value range, the signal including a different programming 
parameter value each time the programming is repeated. 
Other embodiments, including additional apparatus and 
methods, are described above with reference to FIG. 1 
through FIG. 34. 

The above description and the drawings illustrate some 
embodiments of the invention to enable those skilled in the art 
to practice the embodiments of the invention. Other embodi 
ments may incorporate structural, logical, electrical, process, 
and other changes. In the drawings, like features or like 
numerals describe substantially similar features throughout 
the several views. Examples merely typify possible varia 
tions. Portions and features of some embodiments may be 
included in, or substituted for, those of others. Many other 
embodiments will be apparent to those of skill in the art upon 
reading and understanding the above description. Therefore, 
the scope of various embodiments of the invention is checked 
by the appended claims, along with the full range of equiva 
lents to which such claims are entitled. 
The Abstractis provided to comply with 37 C.F.R.S1.72(b) 

requiring an abstract that will allow the reader to quickly 
ascertain the nature and gist of the technical disclosure. The 
Abstract is submitted with the understanding that it will not be 
used to interpret or limit the scope or meaning of the claims. 
What is claimed is: 
1. A method comprising: 
programming memory cell using a first signal to cause the 
memory cell to have an initial resistance value; 

programming the memory cell using a second signal to 
cause the memory cell to have a programmed resistance 
value; 

adjusting a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the pro 
gramming parameter value includes adjusting a current 
value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the memory cell using the first signal, pro 
gramming the memory cell using the second signal, and 
adjusting the programming parameter value of the sec 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

28 
ond signal, wherein the second signal includes a differ 
ent programming parameter value each time the pro 
gramming is repeated, wherein adjusting includes 
increasing the current value by a first adjusted current 
amount if the programmed resistance value is less thana 
target resistance value, the target resistance value being 
a value within the target resistance value range, and 
wherein adjusting includes decreasing the current value 
by the first adjusted current amount if the programmed 
resistance value is greater than a target resistance value. 

2. The method of claim 1, wherein adjusting includes 
decreasing the current value by a second adjusted current 
amount less than the first current amount if the programmed 
resistance value before the repeating is less than the target 
resistance value and at least one of the programmed resistance 
value after the repeating is greater than the target resistance. 

3. The method of claim 1, wherein adjusting includes 
increasing the current value by a second adjusted current 
amount less than the first current amount if the programmed 
resistance value before the repeating is greater than the target 
resistance value and at least one of the programmed resistance 
value after the repeating is less than the target resistance. 

4. A method comprising: 
programming memory cell using a first signal to cause the 
memory cell to have an initial resistance value; 

programming the memory cell using a second signal to 
cause the memory cell to have a programmed resistance 
value; 

adjusting a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the pro 
gramming parameter value includes adjusting a current 
value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the memory cell using the first signal, pro 
gramming the memory cell using the second signal, and 
adjusting the programming parameter value of the sec 
ond signal, wherein the second signal includes a differ 
ent programming parameter value each time the pro 
gramming is repeated, wherein adjusting includes: 
increasing the current value by a first adjusted current 
amount to obtain a first adjusted current value for use 
in a first repeated programming if a first programmed 
resistance value is less than a target resistance value, 
the target resistance value being a value within the 
target resistance value range, wherein the first pro 
grammed resistance value corresponds to the pro 
grammed resistance value of the memory cell before 
the first repeated programming is performed; and 

decreasing the first adjusted current value by a second 
adjusted current amount to obtain a second adjusted 
current value for use in a second repeated program 
ming if a second programmed resistance value is 
greater than the target resistance value, wherein the 
second programmed resistance value corresponds to 
the programmed resistance value of the memory cell 
after the first repeated programming is performed, 
and wherein the first adjusted current amount is 
greater than the second adjusted current amount. 

5. A method comprising: 
programming memory cell using a first signal to cause the 
memory cell to have an initial resistance value; 

programming the memory cell using a second signal to 
cause the memory cell to have a programmed resistance 
value; 
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adjusting a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the pro 
gramming parameter value includes adjusting a current 
value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the memory cell using the first signal, pro 
gramming the memory cell using the second signal, and 
adjusting the programming parameter value of the sec 
ond signal, wherein the second signal includes a differ 
ent programming parameter value each time the pro 
gramming is repeated, wherein adjusting includes: 
decreasing the current value by a first adjusted current 
amount to obtain a first adjusted current value for use 
in a first repeated programming if a first programmed 
resistance value is greater than a target resistance 
value, the target resistance value being a value within 
the target resistance value range, wherein the first 
programmed resistance value corresponds to the pro 
grammed resistance value of the memory cell before 
the first repeated programming is performed; and 

increasing the first adjusted current value by a second 
adjusted current amount to obtain a second adjusted 
current value for use in a second repeated program 
ming if a second programmed resistance value is less 
than the target resistance value, wherein the second 
programmed resistance value corresponds to the pro 
grammed resistance value of the memory cell after the 
first repeated programming is performed, and 
wherein the first adjusted current amount is greater 
than the second adjusted current amount. 

6. The method of claim 1, wherein the first adjusted current 
amount is a function of a slope of a resistance versus current 
curve of the memory cell and a difference between the target 
resistance value and the programmed resistance value. 

7. A method comprising: 
programming memory cell using a first signal to cause the 
memory cell to have an initial resistance value; 

programming the memory cell using a second signal to 
cause the memory cell to have a programmed resistance 
value; 

adjusting a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the pro 
gramming parameter value includes adjusting a current 
value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the memory cell using the first signal, pro 
gramming the memory cell using the second signal, and 
adjusting the programming parameter value of the sec 
ond signal, wherein the second signal includes a differ 
ent programming parameter value each time the pro 
gramming is repeated, wherein adjust the current value 
includes one of increasing and decreasing the current 
value by an adjusted current amount, and wherein the 
adjusted current amount is a function of a slope of a 
resistance versus current curve of the memory cell and a 
difference between a target resistance value and the pro 
grammed resistance value, the target resistance value 
being a value within the target resistance value range, 
wherein the slope is calculated based on a first point and 
a second point of the curve, wherein the first point cor 
responds to a resistance value greater than the target 
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resistance value, and wherein the second point corre 
sponds to a resistance value less than the target resis 
tance value. 

8. A method comprising: 
programming a memory cell using a first signal to cause the 
memory cell to have an initial resistance value; 

programming the memory cell using a second signal to 
cause the memory cell to have a programmed resistance 
value; 

adjusting a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the pro 
gramming parameter value includes adjusting a current 
value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the memory cell using the first signal, pro 
gramming the memory cell using the second signal, and 
adjusting the programming parameter value of the sec 
ond signal, wherein the second signal includes a differ 
ent programming parameter value each time the pro 
gramming is repeated, wherein adjust the current value 
includes one of increasing and decreasing the current 
value by an adjusted current amount, and wherein the 
adjusted current amount is a function of a slope of a 
resistance versus current curve of the memory cell and a 
difference between a target resistance value and the pro 
grammed resistance value, the target resistance value 
being a value within the target resistance value range, 
wherein increasing the current value by the adjusted 
current amount is performed if the programmed resis 
tance value is less than the target resistance value, and 
wherein decreasing the current value by the adjusted 
current amount is performed if the programmed resis 
tance value is greater than the target resistance value. 

9. The method of claim 1, comprising: 
selecting the current value of the second signal from among 

a first current value associated with a first target resis 
tance value, a second current value associated with a 
second target resistance value, and a third current value 
associated with a third target resistance value, wherein 
the target resistance value range includes one of the first, 
second, and third target resistance values. 

10. An apparatus comprising: 
memory cells; and 
a module configured to: 

program at least one memory cell of the memory cells 
using a first signal to cause the at least one memory 
cell to have an initial resistance value; 

program the at least one memory cell using a second 
signal to cause the at least one memory cell to have a 
programmed resistance value; 

adjust a programming parameter value of the second 
signal if the programmed resistance value is outside a 
target resistance value range, wherein adjusting the 
programming parameter value includes adjusting a 
current value; and 

if the programmed resistance value is outside the target 
resistance value range, repeating at least one of pro 
gramming the at least one memory cell using the first 
signal, programming the at least one memory cell 
using the second signal, and adjusting the program 
ming parameter value of the second signal, wherein 
the second signal includes a different programming 
parameter value each time the programming is 
repeated, the module configured to increase the cur 
rent value by a first adjusted current amount if the 
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programmed resistance value is less than a target 
resistance value, the target resistance value being a 
value within the target resistance value range, and to 
decrease the current value by the first adjusted current 
amount if the programmed resistance value is greater 5 
than a target resistance value. 

k k k k k 
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In Column 13, line 10, delete "A i)" and insert-A i)--, therefor 

In Column 13, line 14-15, delete" 1124 i, 1/4A i, or 1784 i)" and insert -1/2A i, 114A i, or 1/8A i)-, 
therefor 

In Column 13, line 18, delete "($ i, 1/24 i, 1/44 i, 1/84 i, or 1/164 i,)" and insert-(A i, 1/2A i, 114A 
i, 118A i, or 1/16A i,)-, therefor 

in Column 13, line 22, delete "Ai" and insert --A i-, therefor 

In column 13, line 23, delete "Ai" and insert --A i-, therefor 

In Column 13, line 27, delete "Ai" and insert --A i-, therefor 

In Column 13, line 30, delete "Ai" and insert-A i-, therefor 

In Column 14, line 34-35, delete "A i?1, 4 i2, or A i3)" and insert-A i?1, A i2, or A i3)--, therefor 

In Column 14, line 37, delete" if, i2, and 4 i3)" and insert-A i?1, A 2, and A i3)-, therefor 

In Column 14, line 46, delete "ResET2x=lrESET2+4 i1" and insert-lesET2xlrESET2A i?1--, therefor 

In Column 14, line 51, delete "RESET2y=lrESET2x+4 i2" and insert-lresET2ylresET2x+A i2-, 
therefor 

In Column 14, line 64, delete "RESET2Y-lrESET2-4 i3” and insert -lrESET2YlrESET2-A i3-, therefor 

In column 15, line 5, delete "A i1, or A i2)" and insert-A if, or A i2)-, therefor 

In column 15, line 9, delete "A i3)" and insert-A i3)-, therefor 

In column 15, line 14, delete "A i1, i2, and i3" and insert --A i?, A i2, and A i3-, therefor 

In Column 15, line 29, delete "4 i1, 4 i2, or 4 i3)" and insert-A i?1, A i2, or A i3), therefor 

In column 15, line 38, delete "Ai 1)" and insert-A i?1)-, therefor 

In column 15, line 42, delete "A i1" and insert --A 1--, therefor 

In Column 15, line 49 (Approx.), delete "slope24o A Ri?e i1 F(RIAR-RPRGw)/4 i1" and insert 
slope2ao A R1/A i1 F(RTAR-Rprow)/A i1-, therefor 

In column 15, line 53 (Approx.), delete "(RIAR-RPRGw) A i1 F(Rcuv2-Rouv1)/(lcuv2-louv1 )" and 
insert -(RTAR-Rprew)/ A i1 F(Rcuv2-Rcuv1 )/(lcuv2-lcuv1), therefor 

In column 15, line 54, delete "h i1" and insert-A i1--, therefor 

In column 15, line 56 (Approx.), delete "A i1" and insert-A i?1--, therefor 

In column 15, line 58 (Approx.), delete" if" and insert-A i?1--, therefor 

In Column 15, line 61, delete "de it" and insert-A i1--, therefor 

in column 15, line 64, delete" i2, and i3)" and insert-A i2, and A i3)--, therefor 

In column 15, line 66, delete "d i2=de R2? i2=" and insert-A i2=A R2/A i2-, therefor 

In column 16, line 1, delete" i2" and insert --A i2-, therefor 

in column 16, line 2, delete" i3=A Rifle i3="and insert-A i3=A R3/A i3-, therefor 
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In column 16, line 5, delete "A 3" and insert --A i3-, therefor 

In column 16, line 11, delete "A i?1, 4 i2, or A i3)," and insert-A i1, A 2, or A i3), --, therefor 

In column 16, line 13, delete" ix" and insert --Aix--, therefor 

in column 16 line 15, delete "Aix" and insert --Aix--, therefor 

in Column 16, line 16, delete "A i1, 4 i2, or A i3)" and insert-A i1, A i2, or A i3)--, therefor 

In column 16, line 20, delete "A i?1, 4 i2, or 4 i3)" and insert-A it, A i2, or A i3)--, therefor 

In column 18, line 39, delete "(4t, 1/2A t, 1/44 t, 1184 t, or 11164 t)" and insert-(A t, 1/2A t, 1/4A 
t, 118A t, or 1/16At), therefor 

In column 18, line 41, delete "A t, 1/24 t, 1/44 t, 1/84 t, and 1/16 t” and insert-A t, 1/2A t, 114A 
t, 118A t, and 1/16A t--, therefor 

In Column 18, line 57, delete "A t," and insert-A t--, therefor 

in column 18, line 59, delete "TAD2E=T2-et." and insert --TAD2T2-A t.--, therefor 

In Column 18, line 63, delete "tet," and insert-A t--, therefor 

In Column 18, line 65, delete "et." and insert-A t.--, therefor 

In Column 18, line 66, delete "i" and insert --A i-, therefor 

In Column 19, line 4, delete" i)." and insert-Ai).--, therefor 

in Column 19, line 8, delete "t," and insert-A t-, therefor 

In column 19, line 10, delete "TAD2D=TAD2C-4 t." and insert-TAD2BFTAD2C-At.--, therefor 

In column 19, line 14, delete "1/2 t," and insert -112A t,--, therefor 

In column 19, line 16, delete "TAD2EFTAD2D 1/24 t." and insert -TAD2EFTAD2D+ 1/2A t.-, 
therefor 

In Column 19, line 20, delete "1/4 t," and insert --1/4A t,--, therefor 

In Column 19, line 22, delete "TAD2FFTAD2E-1144. t.” and insert -TAD2FFTAD2E-114A t.-- 
therefor 

In column 19, line 28, delete "a t)" and insert-A t)--, therefor 

In column 19, line 33, delete "1/2 t or 114 t)" and insert -1/2A t or 1/4A t)--, therefor 

In column 19, line 37, delete "et, 1/24 t, 1/4 t, 1/84 t, or 1/164 t)" and insert-A t, 1/2A t, 1/4A t, 
118A t, or 1/16A t)--, therefor 

In column 19, line 41, delete "et" and insert-A t-, therefor 

In column 19, line 42, delete "et" and insert-A t-, therefor 

In Column 19, line 46, delete "et" and insert-A t-, therefor 

In column 19, line 50, delete "a t” and insert-A t-, therefor 

In column 20, line 25, delete "+4 i." and insert ---A i.--, therefor 

in column 23, line 5, delete "i" and insert-A i-, therefor 
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In Column 23, line 8, delete "et" and insert --A t-, therefor 

In Column 23, line 48, delete "Ai" and insert-A i-, therefor 

In Column 23, line 49, delete "Ai" and insert-A i-, therefor 

in Column 23, line 51, delete "Ai" and insert-A i-, therefor 

In Column 23, line 52, delete "A1" and insert-A 1--, therefor 

In Column 23, line 56, delete "i" and insert-A i-, therefor 

In Column 23, line 58, delete "Ai" and insert --A i-, therefor 

In Column 23, line 58, delete "i" and insert-A i-, therefor 

In Column 23, line 60, delete "Ai" and insert-A i-, therefor 

In column 23, line 61, delete "d i)" and insert-A i)--, therefor 

In column 24, line 2, delete "Ai" and insert-A i-, therefor 

In column 24 line 4, delete "Ai" and insert-A i-, therefor 

In column 24, line 5, delete "Ai)" and insert-A i)--, therefor 

In Column 24 line 8, delete "A " and insert --A i-, therefor 

In column 24, line 9, delete "Ai)" and insert-A i)--, therefor 

In Column 24, line 12, delete "Ai" and insert --A i-, therefor 

In Column 24, line 12, delete" i)" and insert-A i)--, therefor 

In Column 24, line 20, delete "Ai" and insert-A i-, therefor 

in Column 24, line 22, delete "Ai" and insert --A i-, therefor 

In Column 24, line 25, delete "i" and insert-A i-, therefor 

In Column 24, line 29, delete "Ai" and insert --A i-, therefor 

in Column 24, line 31, delete "Ai" and insert-A i-, therefor 

In Column 24, line 34, delete "Ai" and insert-A i-, therefor 

In Column 24, line 37, delete "Ai" and insert --A i-, therefor 

In Column 24 line 40, delete "i" and insert-A i-, therefor 

In column 24, line 40, delete "4 i” and insert-A i-, therefor 

in Column 24, line 44, delete "i" and insert --A i-, therefor 

In Column 24, line 45, delete "A i." and insert-A i.--, therefor 

In column 24, line 46, delete "A i." and insert --A i.--, therefor 

In Column 24, line 48, delete "1/2 i” and insert -1/2A i-, therefor 
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In column 24, line 49, delete "(1/2) 4 i=1/24 i)" and insert-(1/2") A i=1/2A i)--, therefor 
In Column 24, line 49, delete "Ai" and insert-A i-, therefor 

In column 24, line 51, delete "(1/2") A i," and insert-(1/2") A i-, therefor 

In column 24, line 53, delete "A i.” and insert --A i-, therefor 

In Column 24, line 53, delete "Ai" and insert --A i-, therefor 

In column 24, line 56, delete "1/2 i, 114A i, 1/84 i, and 1/164 i." and insert -1/2A i, 1/4A i, 1/8A 
i, and 1/16A i-, therefor 

In column 24 line 57, delete " " and insert-A i-, therefor 

In column 24, line 58, delete "Ai" and insert-A i-, therefor 

In column 24, line 59, delete "A i?, A i2, and A i3" and insert-A i1, A i2, and A i3-, therefor 

In column 25, line 17, delete "A t” and insert-A t--, therefor 

In column 25, line 18, delete "A t” and insert-A t--, therefor 

In column 25, line 20, delete "A t” and insert-A t--, therefor 

In column 25, line 22, delete "A t” and insert-A t--, therefor 

in Column 25, line 25, delete "A t” and insert-A t--, therefor 

In Column 25, line 28, delete "A t” and insert-A t--, therefor 

In column 25, line 28, delete "A t” and insert-A t--, therefor 

In Column 25, line 30, delete "t" and insert-A t-, therefor 

In column 25, line 31, delete "A i)" and insert-A i)--, therefor 

In Column 25, line 39, delete "t" and insert-At--, therefor 

in column 25, line 41, delete "A t” and insert-A t--, therefor 

In column 25, line 42, delete "Ai)" and insert-A i)--, therefor 

In column 25, line 45, delete "et" and insert-At--, therefor 

In Column 25, line 46, delete" i)" and insert-A i)--, therefor 

in Column 25, line 49, delete "A t” and insert-At--, therefor 

In column 25, line 49, delete "a t)" and insert-A t)-, therefor 

In Column 25, line 56, delete "at" and insert-At--, therefor 

In Column 25, line 58, delete "at" and insert-A t--, therefor 

in Column 25, line 61, delete "A t” and insert-A t-, therefor 

In column 25, line 65, delete "et" and insert-A t-, therefor 

In column 25, line 67, delete "et" and insert-A t-, therefor 

Page 5 of 6 
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In column 26, line 3, delete "A t” and insert-A t-, therefor 

In Column 26, line 6, delete "A t” and insert-A t-, therefor 

In Column 26, line 7, delete "i" and insert-A i-, therefor 

in Column 26, line 8, delete "A t” and insert --A t-, therefor 

In Column 26, line 11, delete "t." and insert-At.--, therefor 

In column 26, line 12, delete "A t” and insert-A t--, therefor 

In Column 26, line 14, delete "at" and insert-A t--, therefor 

In column 26, line 14, delete "A i1, A i2, or 4 i3)" and insert-A i1, A 2, or A i3)--, therefor 

in Column 26, line 15 delete "A t” and insert-A t-, therefor 


